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How a cell decides to proliferate or to differentiate is an important 
issue in stem cell and cancer biology. Division of cells normally produces two 
daughter cells of equal size. However, in asymmetric cell division, a cell 
divides to produce two daughter cells of unequal size and fate. Asymmetric 
division not only provides a fundamental mechanism to generate cell fate 
diversity during development of multicellular organisms, it is also a means of 
keeping stem cell self-renewal and differentiation in balance.  
During asymmetric division of neural stem cells in Drosophila 
melanogaster; factors controlling their self renewal and differentiation are 
unequally segregated between the two daughter cells. The larger daughter 
that inherits self-renewing factors continues to act as a stem cell while the 
smaller daughter that inherits cell fate determinants (which also inhibits self-
renewal) goes on dividing to generate neurons or glia cells. In order to divide 
asymmetrically, the orientation of the mitotic spindle must also be regulated 
such that these factors of opposing effects are segregated preferentially into 
one but not both daughter cells. Therefore, to ensure that proper asymmetric 
division takes place, a timely orchestration of several events that establishes 
the polarity within the stem cell is crucial. Recent molecular genetic evidence 
in Drosophila suggests that loss of polarity and impairment of asymmetric cell 
division in stem cells can lead to hyper proliferation, a phenotype that 
resembles tumor formation.  
 In this thesis, I describe two novel players in the asymmetric division 
of Drosophila neural stem cells that inhibit excess neuroblast self-renewal 
through distinct pathways. The first player is a novel zinc-finger protein (Zif) 
that inhibits excess self-renewal through the repression of Atypical protein 




establishing neuroblast polarity and in defining the apical cortex; as a 
neuroblast proliferation factor, it can directly promote neuroblast self-renewal. 
In zif mutants, dramatic increase in aPKC transcript and protein levels causes 
excess neuroblasts to be formed at the expense of differentiated neurons. 
Results from chromatin immunoprecipitation and luciferase assays suggest 
that Zif directly suppress aPKC expression. Removal of one copy of aPKC in 
zif mutant suppresses the neuroblast overgrowth phenotype. Together, the 
genetics and biochemistry results suggest that Zif inhibits excess neuroblast 
self-renewal by repression of aPKC transcription. 
The second player is the heterotrimeric complex of Drosophila Protein 
Phosphatase 2A (PP2A), a brain tumor suppressor that prevents excess 
neuroblast self-renewal primarily by regulating asymmetric 
localization/activation of Numb. Numb is a cell fate determinant that promotes 
differentiation. In PP2A mutants, asymmetric localization of Numb, Pon and 
aPKC, as well as proper mitotic spindle orientation is disrupted. 
Supernumerary larval brain neuroblasts generated at the expense of 
differentiated neurons are significantly reduced by overexpression of Numb. 
Interestingly, both PP2A and Polo kinase enhance Numb phosphorylation. 
Reduction of PP2A function in larval brains and S2 cells causes a marked 
decrease in Polo transcript and protein abundance. Overexpression of Polo or 
Numb significantly suppresses neuroblast overgrowth in PP2A mutants, 
suggesting that PP2A inhibits excess neuroblast self-renewal through the 





CHAPTER 1  
INTRODUCTION 
1.1 Drosophila as a model system 
 The fruit fly, Drosophila melanogaster, has been extensively studied 
throughout the last century since T.H. Morgan selected this organism for his 
studies of heredity in 1910. Due to its short life cycle (Fig 1), ease of 
maintenance and breeding, Drosophila is especially amenable to genetic 
studies. Large-scale crosses can be set up and followed over several 
generations, making it one of the most popular eukaryotic organisms to be 
used in heredity and biomedical research. Over the last hundred years, a 
sophisticated array of genetic and molecular tools has evolved to facilitate 
genetic studies in Drosophila. For instance, transposon-based methods for 
manipulating genes have allowed creation of genetically defined, stable lines 
with regulated transgenes and efficient production of genetic mosaics, 
techniques that are not available even in other model organisms such as 
Caenorhabditis elegans (Xu and Rubin, 1993). As a complex multi-cellular 
organism, many aspects of the fruit fly’s cellular, developmental and 
behavioral processes are conserved in mammals.  With the full complement 
of its genome being sequenced and made publicly available, Drosophila is an 
extremely attractive experimental model to search for entry points into studies 
of corresponding biological processes in mammals, which are often more 















Figure 1 Life cycle of Drosophila melanogaster. At 25oC, the larva hatches 
1 day after the egg is fertilized. Larval stage is divided into first (1 day), 
second (1 day), and third instar (2-3 days), with each stage ending with a molt 
as the larva increases in size. During 5 days of pupation most of the larval 
tissues are destroyed and replaced by adult tissues derived from the imaginal 
discs that were growing in the larva. When metamorphosis is complete, the 
adult fly emerges from the pupal case and can survive for up to a month or so 
before it dies. 
 
1.2 Stem cell in development  
Stem cells are defined by their ability to self renew and to generate 
progenies that are committed to a differentiation pathway. Throughout the 




of stem cells and the supply of fully differentiated cells is achieved by 
regulating the number and the mode of stem cell division, which can be either 
symmetric or asymmetric (Fig2A ). 
Symmetric cell division produces two identical daughter cells of same 
cell fate or developmental potential whereas asymmetric cell division 
generates two daughter cells of distinct cell fates and/or sizes. The latter is 
the one of the most important aspect of stem cell biology because it is 
through repeated self-renewing asymmetric division that stem cells are able 
to maintain their population throughout their lifespan. Asymmetric cell division 
is also a fundamental process by which multicellular organisms generate 
cellular diversity, and this process can be mediated either by extrinsic or 
intrinsic mechanisms (Fig2B).  
The extrinsic mechanism involves cell-cell communication and the 
asymmetric positioning of the daughter cells with respect to external cues.  In 
this case, two identical daughter cells are generated at birth. However, the 
interaction between the two daughter cells or between one daughter cell and 
its neighboring cells causes them to adopt different fates as a result of 
differential exposure to external stimuli. The physical contact between the 
Drosophila germline stem cell and its surrounding cap cells (in ovary) or hub 
cells (in testes) is a good example of how stem cells utilizing this mechanism 
establishes polarity and maintains its stem cell state (Li and Xie, 2005). 
Tissue-specific niche cells emit signals to prevent differentiation, thereby 
promoting stem-cell identity in one of the two stem-cell daughters (Fuller and 
Spradling, 2007). 
On the other hand, intrinsic mechanism relies on the asymmetric 
localization of cell fate determinants and the proper alignment of the mitotic 
spindle to ensure that cell fate determinants are inherited by only one of the 




daughter cells that are distinct at birth. The neural stem cells in the 
developing central nervous system (CNS) of Drosophila adopt this intrinsic 

















1.3 Stem cells in Drosophila neurogenesis 
The Drosophila CNS is derived from neural stem cells called 
neuroblasts which proliferate during two developmental windows – one during 
the embryonic stage, the other during the larval stage (Campos-Ortego and 
Hartenstein, 1997). At the onset of Drosophila neurogenesis during the 
embryonic stage, neuroblasts are singled out through the process of lateral 
inhibition and delaminate from the neuroctoderm. Once delaminated, each 
neuroblast undergoes mitosis and divides asymmetrically along the apical-
basal axis to generate two daughter cells of unequal sizes and distinct fates – 
Figure 2. Regulation of stem cell division. A Symmetric versus 
Asymmetric cell division. Symmetric division is adopted by many cell types to 
reproduce themselves (proliferative). Stem cells (open circles) maintain a 
balance between self-renewal and differentiation (solid circles) through 
asymmetric division. Each stem cell generates another stem cell and a 
sibling daughter cell destined to differentiate. B Extrinsic versus intrinsic 
regulation of asymmetric division. Extrinsic mechanism involves intercellular 
communications (black rectangles) between niche (shaded horseshoe) and 
the stem cell itself. The niche provides support and stimuli necessary for self-
renewal, preventing differentiation. The daughter cell adjacent to the niche 
will maintain stem-cell fate while its sibling lacking the contact to the niche 
will differentiate. Intrinsic mechanism depends on asymmetric segregation of 





a new neuroblast and a smaller ganglion mother cell (GMC) (Skeath and 
Thor, 2003). The larger apical daughter retains its neuroblast identity, 
continues to divide asymmetrically and self-renew. This self-renewing 
asymmetric division is repeated several times throughout its lifetime. In 
contrast, the smaller GMC divides only once to produce two postmitotic 
neurons and/or glial cells (Fig 3). Embryonic neuroblasts divide no more than 
12 times (Bossing et al., 1996) and shrink with each division, possibly causing 
cell cycle exit simply because they become too small (Fuse et al., 2003). 
Towards the end of embryogenesis, most neuroblasts stop proliferating and 
enter a state of quiescence.  
In the second, larval neurogenic window, most neuroblasts re-enter 
the cell cycle and resume proliferation to generate the majority of the cells 
that make up the central brain and ventral ganglia of the adult (Maurange and 
Gould, 2005). Unlike embryonic neuroblasts, which become smaller with each 
division, larval neuroblasts regrow back to their original size after each 
division and can divide hundreds of times (Ito and Hotta, 1992). 
In the late third-instar larvae, neuroblasts divide asymmetrically to 
generate two daughter cells with different cell size and fate, similar to 
embryonic neuroblasts (Fig 4). It is interesting to note that there is a subgroup 
of larval neuroblasts in the dorsal-medial part of the larval brain which 
generate GMCs that divide more than once. These GMCs are very much like 
the transit-amplifying cells generated by mammalian stem cells (Boone and 





Figure 3. Asymmetric neural stem cell division in Drosophila embryo. 
The central nervous system of Drosophila is derived from the neuroectoderm of 
the embryo, shown here in the upper panel. Apical side refers to side closer to 
neuroepithelium while basal side lies deeper into the embryo. Events of neuroblast 
(NB) asymmetric division in yellow box are as follow a) One neuroectodermal cell 
is selected (bold outline) to acquire a NB fate from a proneural equivalent group by 
the process of lateral inhibition. b) Starting from stage 9, selected NB enlarges and 
delaminates basally into the embryo. c) Upon delamination, apical protein 
complexes (green crescent) are asymmetrically localized on the NB cortex. d) 
During early metaphase, mitotic spindle rotates 90o to align with apical-basal axis. 
Basal targeting proteins and cell fate determinants (red crescent) restricted 
asymmetrically to the basal cortex of NB. e) During anaphase, apical microtubule 
of the mitotic spindle elongates basally. f) By telophase, spindle displacement 
towards the basal side becomes more pronounced, g) resulting in daughter cells 
of unequal sizes. h) Finally an apical self-renewing NB and a basal ganglion 
mother cell (GMC) are produced. GMC divides terminally to produce two 
postmitotic neurons and/or gial cells, i) giving rise to progenies of distinct cell fates 






1.4 Asymmetric cell division in Drosophila neural stem cell 
 Many key components of the genetic machinery that facilitate 
asymmetric division in Drosophila neuroblast have been identified and 
characterized in the developing embryonic CNS (summarized in Fig 5). With 
the exception that larval neuroblasts do not possess a clear apical-basal 
orientation with respect to the organismal axis, many of the players that 
govern proper asymmetric division of embryonic neuroblasts appear to be 
conserved in larval neuroblasts. Essentially, these players regulate three key 
features in neuroblast asymmetric cell division: 
(1) Setting up neuroblast polarity;  
(2) Mitotic spindle orientation; and 
(3) Asymmetric localization and segregation of cell fate determinants 
 
Figure 4 Postembryonic neuroblast development. Top panel shows the 
lateral view of a larval brain projected in a third-instar larva. The bottom 
panel is a dorsal view of a third-instar larval brain where postembryonic 
neuroblasts resume their proliferative activity. As before in the embryos, 
larval neuroblasts undergo asymmetric cell division, giving rise to 
progenies with distinct cell fates that eventually form the adult neurons. 
The optic lobe (OL) comprises curved epithelial sheets that cap the lateral 
part of the larval brain throughout larval life. Neuroblasts in the ventral 




1.4.1 Setting up neuroblast polarity  
 In embryonic neuroblasts, factors that are segregated into the self-
renewing neuroblast daughter are asymmetrically localized to the apical 
domain of the cell, the side that is closest to the neuroepithelium. Opposite 
the apical domain is the basal domain that lies deeper into the embryo, where 
factors that specify GMC fate occupy and are ultimately partitioned into the 
smaller GMC daughter upon asymmetric cell division. Although larval 
neuroblasts do not have a uniform orientation that defines the apical-basal 
polarity relative to the surface of the brain, the larval neuroblasts remain 
polarized in different orientations. In the following sections, the cortical 
domain that becomes the GMC will be referred to as basal, and the opposite 
















Figure 5. Key players in neuroblast asymmetric division (Chia et al. 
2008). 
Apical (green) and basal (red) protein complexes asymmetrically localized at 
the cortex of neuroblasts in mitosis. The apical Par complex consisting of 
Baz-aPKC-Par6 is first to be recruited, and functions mainly to establish 
polarity and to restrict cell fate determinants to the basal cortex. The Gαi–
Pins–Loco complex is responsible for mitotic spindle orientation and 
alignment with the apical-basal polarity axis. The two basal protein complexes 
Mira-Pros-Brat and Pon-Numb control proliferation and differentiation in the 
daughter GMC. 
 
 In both embryonic and larval neuroblasts, the orientation of mitotic 




follows an axis of polarity that is already predetermined before mitosis. This 
cell polarity depends on the asymmetric distribution of an evolutionarily 
conserved protein complex known as the Par complex. The Par complex 
consists of Drosophila atypical protein kinases C (aPKC), Bazooka (Baz, a 
Drosophila homolog of C. elegans Par-3) and Par-6 (Goldstein and Macara, 
2007; Suzuki and Ohno, 2006). These proteins that make up the pillars of cell 
polarity were originally discovered in C. elegans. They are involved in many 
biological processes that involve cell polarity. In neuroblast asymmetric cell 
division, the Par complex is one of the first proteins to localize to the apical 
cortex and is primarily involved in displacing the basally-localized cell fate 
determinant from the apical domain of the neuroblast.  
 The atypical PKCs, unlike canonical PKCs, are not activated by Ca2+ 
and diacylglyerol, but contain a similar serine/threonine kinase domain 
(Newton, 2001). In neuroblast asymmetric division, aPKC functions as the 
effector of the Par complex to set up polarity by restricting cell fate 
determinants to the basal side through direct phosphorylation. During mitosis, 
basally-localized proteins such as Numb and Miranda (together with its fate 
determinant cargo – Prospero and Brat; covered in section 1.4.3) are 
phosphorylated by aPKC, and are displaced from the apical cortex into the 
cytoplasm, thereby sequestering them to the basal cortex (Atwood and 
Prehoda, 2009; Smith et al., 2007). In aPKC mutants, basal components such 
as Miranda (Mira) are no longer restricted basally, instead they localize 
uniformly throughout the entire cortex.  
 aPKC is also the first protein identified to positively regulate 
neuroblast self-renewal. Larval neuroblasts of aPKC mutants stop dividing 
prematurely. Consequently, aPKC mutants have fewer neuroblasts compared 
to wild type (Lee et al., 2006b; Rolls et al., 2003). In addition, overexpression 




increase in neuroblast numbers due to displacement of cell fate determinants 
into the cytoplasm (Lee et al., 2006b). Therefore, it is crucial that aPKC is 
properly recruited to the apical side of the neuroblast so that it is effectively 
segregated into the neuroblast daughter upon asymmetric division. In the Par 
complex, aPKC also acts as the bridge between the other two Par-
components, Baz and Par-6, through direct protein-protein interaction. 
 Par-6 is a small protein that contains a PDZ domain, a PB1 domain 
and an atypical CRIB domain. Par6 binds aPKC through the PB1 domain, and 
binds Rho GTPase Cdc42 through the CRIB domain. Since Rho GTPases 
are lipid modified, Cdc42 provides a possible direct link for Par complex to be 
enriched on the membrane. It has been shown that Par6 is a potent repressor 
of aPKC kinase activity (Atwood et al., 2007; Yamanaka et al., 2001). This 
repression is partially relieved when Cdc42 binds to Par6 PDZ domain, 
providing a mechanism for coupling protein localization to activation 
(Peterson et al., 2004). 
 Par6 repression of aPKC can also be relieved by phosphorylation of 
the Par6 PB1 domain by mitotic kinase Aurora A (Wirtz-Peitz et al., 2008). 
This appears to cause a dynamic rearrangement of the Par-6/aPKC complex, 
and sets off a complex phosphorylation cascade required to regulate Numb 
localization during asymmetric division (refer to section 1.8). 
 On the other hand, Baz is a large scaffold protein with three PDZ 
domains that binds aPKC via the aPKC kinase domain (Goldstein and 
Macara, 2007; Suzuki and Ohno, 2006). In baz mutants, Par-6 and aPKC are 
displaced from the cortex and become cytoplasmic, whereas Baz remains 
polarized to the apical domain in par6 or aPKC mutants (Rolls et al., 2003). 
While chromatography analysis of embryonic extracts suggest that interaction 




binding between Baz and aPKC appears to be highly dynamic (Wirtz-Peitz et 
al., 2008).  
 In any case, mutants for any of the three proteins cause the cell fate 
determinants to be delocalized, and the mitotic spindles to become 
randomized. Therefore, though the apically-localized Par complex do not 
influence cell fate directly, they are necessary to establish the polarity axis for 
other processes that occur during asymmetric cell division to ensure that cell 
fate determinants are asymmetrically localized to the basal side of the cell 
and are segregated into the basal GMC. 
 
1.4.2 Mitotic spindle orientation  
 Alignment of the mitotic spindle with the polarity axis ensures that the 
cleavage plane is orthogonal to the apical-basal axis so that cell fate 
determinants are segregated only to the GMC upon cytokinesis. The 
localization of these determinants and the coordination with mitotic spindle 
orientation are controlled by the two apically-enriched cortical complexes – 
the aPKC-Par complex (mentioned above) and the heterotrimeric G protein 
complex. The G protein complex consists of Pins, Gαi and Locomotion 
defects (Loco), which determines the orientation of the mitotic spindle relative 
to the cell polarity axis (Schaefer et al., 2001; Yu et al., 2000; Yu et al., 2005). 
The two evolutionarily-conserved apical complexes are mutually linked by the 
neuroblast-specific adapter protein Inscuteable (Insc) (Kraut et al., 1996).  
 During mitosis, apically-localized Insc/Par complex recruits 
heterotrimeric G protein subunit Gαi to the apical cortex through Pins, which 
binds Gαi through its GoLoco domains. Pins and Gαi are interdependent for 
localization and for establishing cortical polarity (Schaefer et al., 2001; Yu et 
al., 2000). Loco acts as a guanine-nucleotide-dissociation inhibitor (GDI) that 




asymmetry (Schaefer et al., 2001; Schaefer et al., 2000; Yu et al., 2000; Yu et 
al., 2005). 
 Live imaging experiments have suggested that Insc, Pins and Gαi 
functions differently in embryonic versus larval neuroblasts (Rebollo et al., 
2007; Rusan and Peifer, 2007). In embryonic neuroblast, mitotic spindles 
orient themselves parallel to the overlaying neuroepithelium. During 
metaphase, the spindle rotates and aligns to the apical-basal polarity axis in 
an Insc-dependent manner (Kaltschmidt et al., 2000). This rotation can occur 
in both directions, suggesting that the two centrosomes have equal potentials 
of becoming the apical spindle pole.  However, in larval neuroblast, the 
mother centrosome is always positioned on the apical side in a Pins 
dependent manner while the new centrosome first migrates randomly within 
the cell, and later fixes its position at the basal pole. As such, it has been 
assumed that the mitotic spindle is set up in its correct orientation and does 
not reorient only in larval neuroblasts.  Interestingly, Rebollo et al. recently 
reported that pre-determined spindle orientation is not restricted to larval 
neuroblasts, but is also observed in embryonic neuroblasts after the first cell 
cycle (Rebollo et al., 2009). Through time-lapse microscopy, they have 
captured images of embryonic neuroblasts that switch from the rotational to 
the predetermined spindle alignment mode in the second cell cycle of the 
neuroblast, the first that follows delamination.  Like larval neuroblast, the two 
newly duplicated centrosomes in embryonic neuroblast acquire differential 
microtubule-organizing abilities, and the future basal centrosome also 
undergoes dynamic movements before anchoring itself at the basal cortex 
just before mitosis (Rebollo et al., 2009). 
 Pins also binds directly to the spindle-associated and Dynein-binding 
protein - Mushroom body defective (Mud) (Bowman et al., 2006; Izumi et al., 




from an inactive to an active state, allowing it to bind Mud and recruit it to the 
apical cortex. Mud is specifically required to align the mitotic spindle with 
Gαi/Pins but has no apparent role in establishing cortical polarity (Nipper et 
al., 2007). It appears that Mud provides a docking site for astral microtubules 
which, in turn, attracts one of the spindle poles to orient the mitotic spindle. 
Consistent with this view, mutations in Mud causes spindle orientation and 
cortical polarity to be uncoupled. As a result, mud mutants have excess 
neuroblasts in the larval brain presumably because misoriented spindles lead 
to missegregation of cell fate determinants.  
 The other neuroblast spindle orientation pathway involves kinesin 
heavy chain 73 (Khc73) and the tumor-suppressor Disc large (Dlg, see 
section 1.4.3.1). Khc73 localizes to plus ends of astral microtubules and binds 
to Dlg at the cell cortex. Dlg binds to Pins, providing the connection to Insc 
and cortical polarization (Siegrist and Doe, 2005). Under conditions of limiting 
dlg function, all basal components fail to form crescents and are diffused.  
 Taken together, these multiplex interactions between Insc and 
components of the two apical complexes bring about the mechanical linkage 
between the mitotic spindle positioning and polarization at the cell cortex. 
 
1.4.3 Asymmetric localization and segregation of cell fate 
determinants 
 The ultimate goal of this asymmetric cell division machinery is to 
preferentially localize and segregate intrinsic cell fate determinants into only 
one daughter cell; the basal daughter cell that will eventually become the 
GMC, which is destined to differentiate into neurons or glial cells. Currently, 





 Numb is the first cell fate determinant to be discovered (Uemura et al., 
1989), albeit in the sensory organ precursor (SOP) cells (Rhyu et al., 1994). 
SOP cells are peripheral nervous system progenitors. numb encodes a 
membrane-associated protein that contains a phosphotyrosine-binding 
domain (PTB) at its amino terminus. It is a well-studied tissue-specific 
repressor of the Notch pathway (Le Borgne et al., 2005; Schweisguth, 2004) 
that binds to endocytic protein α-Adaptin (Berdnik et al., 2002), and is thought 
to control intracellular trafficking of Notch intermediates (Schweisguth, 2004). 
  
 In the embryonic CNS, GMCs divide and produce postmitotic neurons 
that adopt distinct cell fates. GMCs also have apical-basal polarity (Buescher 
et al., 1998). Numb localization and the orientation of division are coordinated 
to segregate Numb to only one sibling cell. Therefore, Numb serves to 
discriminate the binary fate decision of the pair of sibling neurons during cell 
division in GMCs. 
 In numb mutant larval brain, mutant neuroblasts overproliferate 
causing a tumor-like phenotype (Lee et al., 2006a; Wang et al., 2006). 
Lineage analysis shows that the overproliferation is due to the failure of GMC 
daughter cell to adopt a differentiated fate. As a result, both daughter cells 
continue to behave like self-renewing neuroblasts, dividing asymmetrically to 
generate many progeny throughout its lifetime. 
 Pros is a homeodomain-containing transcription factor that is present 
but inactive while in the neuroblast. Once Pros asymmetrically segregate into 
the GMC, it enters the nucleus of the GMC (Knoblich et al., 1995) and 
becomes active in regulating its downstream targets. In a genome wide study, 
more than 700 genes are found to have Pros binding sites near their coding 
sequences. Many of these potential downstream targets are involved in self-




 In the absence of Pros, GMC daughters fail to differentiate but revert 
to a stem cell-like fate: they express markers of self-renewal, exhibit 
increased proliferation, and fail to differentiate. Several cell-cycle regulators 
such as Cyclins A and E, and Cdc25 are upregulated and may be responsible 
for the overproliferation phenotype seen in pros mutants (Choksi et al., 2006; 
Li and Vaessin, 2000). In larval neuroblasts, mutation in pros produces stem 
cell-derived tumors (Bello et al., 2006; Betschinger et al., 2006; Lee et al., 
2006c). Surprisingly, neural differentiation genes required for terminal 
differentiation are also activated by Pros, suggesting that Pros can act both 
as a transcriptional activator and inhibitor; much like a binary switch between 
self-renewal and differentiation in Drosophila neural stem cells (Choksi et al., 
2006). 
 Brat is the most recently identified basal cell fate determinant (Bello et 
al., 2006; Betschinger et al., 2006; Lee et al., 2006c). It was previously shown 
to act as a posttranscriptional repressor of Myc, inhibiting cell growth and 
ribosome biogenesis (Frank et al., 2002) through its binding to Argonaute-1, a 
component of the RISC pathway (Schwamborn et al., 2009). During 
embryogenesis, Brat, through preventing GMC growth, together with Pros 
specifies GMC fate. In either pros or brat embryonic mutants, fate 
transformations are limited; only a small subset of GMCs is affected. 
However, the pros brat double mutant shows an almost complete loss of all 
GMCs This dramatic cell fate change suggests that Pros and Brat have 
partially redundant roles in embryonic neuronal cell-fate specification 
(Betschinger et al., 2006). 
 In larval brains of brat mutants, Pros is not segregated into the GMCs. 
Consequently, GMCs fail to downregulate neuroblast gene expression and 




thought that Brat may inhibit cell growth in one of the two neuroblast daughter 
cells to prevent self-renewal and induce terminal differentiation. Since 
overexpression of Pros can rescue the tumor phenotype in brat mutants, it 
seems reasonable to think that Brat may function as a transcriptional activator 
of Pros.  
Interestingly, brat orthologs were found to be essential for RNA 
interference in C. elegans (Kim et al., 2005). This could mean that Brat may 
play a role in regulating the production of microRNAs, which are known to be 
important for many developmental processes (Schwamborn et al., 2009). In 
addition, the murine Brat ortholog TRIM32 has recently been shown to 
encode a factor that is asymmetrically inherited during neural progenitor 
division. It serves to prevent growth of the differentiating daughter cell through 
promoting ubiquitination and degradation of Myc (Schwamborn et al., 2009). 
Undoubtedly, more experiments including the identification of functional 
binding partners of Brat would help to elucidate the mechanism of Brat 
function.  
1.4.3.1 Adaptor proteins required for asymmetric localization of cell fate 
determinants 
 Pros and Brat are unable to asymmetrically localize to the basal cortex 
without the obligatory adapter protein Mira (Ikeshima-Kataoka et al., 1997; 
Shen et al., 1997). Mira is a coiled-coil protein that binds to both Pros and 
Brat. Like the cell fate determinants, Mira localizes asymmetrically to the 
basal domain. It also binds to the RNA binding protein Staufen which in turn 
transports pros RNA but is not required for cell-fate determination in 
neuroblasts. Therefore, Mira serves to sequester Pros and Brat to the basal 




releasing Pros into the GMC nucleus to activate downstream regulatory 
events (Fuerstenberg et al., 1998).  
Recently, it has been demonstrated in neuroblasts that aPKC 
phosphorylates Mira in neuroblasts to promote Mira cortical displacement, 
thereby aiding its basal localization. Although a complex model involving 
tumor suppressor Lethal (2) giant larvae and nonmuscle Myosin II has been 
proposed previously for aPKC-mediated Mira polarization (Barros et al., 2003; 
Betschinger et al., 2005), it appears that aPKC phosphorylation is both 
necessary and sufficient for Mira to be displaced from the cortex. The cortical 
localization domain that specifies its recruitment to the cell cortex is at the 
amino-terminus and this domain is specifically phosphorylated by aPKC in 
vitro (Atwood and Prehoda, 2009). 
In embryos of mira mutant, Pros and Brat become cytoplasmic and 
eventually these fate-determinants segregate into both daughter cells. The 
orientation of the mitotic spindle is normal in mira deficient embryos, 
suggesting that it is not crucial for spindle orientation. Instead, a truncated 
form of Mira can rescue the Pros localization defects in neuroblasts of mira 
mutants (Shen, 1997), suggesting that it is required for basal localization of 
Pros during mitosis. In contrast, the asymmetric localization of Mira in 
neuroblasts of pros and numb mutants is indistinguishable from that of wild 
type embryos. Therefore, the asymmetric localization of Mira does not require 
Pros or Numb. In embryos homozygous for a null allele of insc, both Mira and 
Pros cannot form basal crescents or they form randomly localized crescents 
along the cell membrane. Thus, Insc is required for basal localization of Mira 
(Shen, 1997).  
 Unlike Pros and Brat, Numb does not require any known factors for 




Numb (PON) colocalizes with Numb to allow more efficient targeting of Numb 
to the basal cortex (Betschinger and Knoblich, 2004; Lu et al., 1998). In pon 
mutants, Numb is not properly localized in metaphase but corrects its 
localization by anaphase and telophase.  
 In addition to the adaptor proteins that associate with cell fate 
determinants directly, there are other ‘adaptor proteins’ that facilitates the 
basal localization of cell fate determinants, but are not themselves required to 
set up the polarity axis, nor do they specify cell fate. They include two 
cortically localized tumor suppressors Lethal (2) giant larvae (Lgl) and Dlg 
(mentioned in section 1.3.2), and two myosin molecules Myosin II and Myosin 
VI. 
 Lgl is one of the most studied yet enigmatic polarity factors. 
Historically, it is the first example of a tumor suppressor gene in Drosophila 
discovered by Gateff and Schneidermann in 1967. Lgl is uniformly distributed 
throughout the neuroblast cortex, and associates with Par6 and aPKC directly 
(Betschinger et al., 2003). Lgl is an aPKC substrate. Phosphorylation by 
aPKC induces an intramolecular interaction that dissociates Lgl from the 
cortex, rendering it primarily cytosolic (Betschinger et al., 2005; Betschinger 
et al., 2003). In addition, when the endogenous Lgl is replaced by a 
phosphomimetic form of Lgl, Mira is also no longer restricted to the basal 
domain but becomes cytoplasmic (Betschinger et al., 2003; Lee et al., 
2006b). This was originally thought to indicate that the non-phosphorylated 
form of Lgl is a cortical targeting factor for Mira. 
 Accordingly, overexpression of the unphosphorylatable form of Lgl 
(Lgl3A) causes Lgl to be present exclusively throughout the cortex, and this 
leads to uniformly cortical Mira. Conversely, overexpression of an N-
terminally truncated form of aPKC (aPKCΔN) that lacks the Par6-binding 




into the basal domain and cytoplasm) partially displaces Lgl from the cortex 
and causes Mira to become cytoplasmic. This phenotype is reminiscent of lgl 
mutant and has led to the postulation that apically localized aPKC 
phosphorylates Lgl and restricts Lgl activity to the basal side of the 
neuroblast. 
 In the embryonic neuroblasts, Lgl is not required for mitotic spindle 
orientation nor is it required for the apical localization of aPKC, Baz or Par-6 
but Lgl is required for Mira and PON to be recruited to the basal cortex. 
Consequently, it is necessary for recruiting cell fate determinants to the cell 
cortex so that they are basally-localized during mitosis (Ohshiro et al., 2000; 
Peng et al., 2000). In contrast, the larval neuroblasts from lgl mutants display 
a more penetrant phenotype where the mitotic spindles are abnormal 
(Albertson and Doe, 2003), and aPKC is ectopically localized throughout the 
cortex, enhancing neuroblast self-renewal (Lee et al., 2006b). Thus, Lgl 
appears to restrict aPKC localization by excluding it from the basal domain. 
 The observation that the reduction of aPKC is able to block excessive 
self-renewal phenotype of lgl mutant, suggest that Lgl is a potent inhibitor of 
aPKC activity. This could also explain the Lgl3A phenotype, where uniformly 
localized Lgl inhibits aPKC activity on the apical side (Atwood and Prehoda, 
2009; Lee et al., 2006b; Wirtz-Peitz et al., 2008). Taken together, these 
results suggest a mutually antagonistic relationship between Lgl and aPKC – 
Lgl inhibits aPKC activity and perhaps localization, preventing aPKC from 
occupying the basal domain. At the same time, aPKC phosphorylates Lgl to 
inactivate the protein (Betschinger et al., 2003), causing Lgl to be released 
from the apical cortex. 
 Like Lgl, Dlg is also cortically localized although it shows apical 




conditions of limiting dlg function, basal components including Mira, Pros, 
Numb and Pon fails to form basal crescents during mitosis, 
 Actin/myosin cytoskeleton also plays an important role in the 
assembly of these apical/basal protein complexes. Actin filaments but not 
microtubules appear to play an essential role in cortical tethering of the 
asymmetric cell division proteins. The Drosophila non-muscle myosin II 
(Zipper) and myosin VI (Jaguar) exist in mutually exclusive complexes with 
Mira, and are thought to be essential for proper asymmetric localization of 
basal cell fate determinants.  
 Although Myosin II has been implicated in aPKC-mediated cortical 
displacement of Mira (Barros et al., 2003), these observations were based on 
chemical inhibition of Rho kinase, which phosphorylates and activates Myosin 
II. The same Rho kinase inhibitor used in this study was later found to be a 
potent inhibitor of aPKC activity as well (Atwood and Prehoda, 2009). Hence, 
the inclusion of Myosin II in this pathway may need to be re-investigated. 
 Unlike other myosins which are barbed-end directed motors, Myosin 
VI (Jaguar) is a pointed-end directed motor that interacts directly with Mira 
and is not involved in apical protein localization. Its localization as puncta in 
the cytoplasm and cortex supports the notion that it might be involved in 
transport of basal proteins such as Mira (Petritsch et al., 2003). Lgl also 
interacts with Myosin VI. In lgl jaguar double mutants, Mira is more severely 
mislocalized than in the single mutants, suggesting that Myosin VI may act 
synergistically with Lgl in localizing the basal proteins.  
 
1.5 Stem cells and cancer – the cancer stem cell hypothesis 
 The traditional view of cancer has long been associated with the 
accumulation of mutations that impairs the cells’ ability to respond to signals 




long in order for it to accumulate enough deleterious mutations that would 
render it “tumorigenic”. However, many frequently-occurring cancers arise 
from tissues that undergo rapid turnover such as the haemopoetic system, so 
it is unlikely that the cells will accumulate sufficient mutations in oncogenes 
and tumor suppressors to cause tumors. In contrast, oncogenic modifications 
leading to cancer could occur with higher probability in long-lived cells with 
self-renewing capacity like adult stem cells, which are responsible for the 
renewal of tissues in the adult body and have the ability to divide throughout 
its lifetime. 
 Hence, the concept of the ‘Cancer Stem Cell’ (Clarke and Fuller, 
2006) - a hypothesis that suggests that cancer could arise from the 
malfunction of a small group of stem cells naturally present in adult tissues. 
These cancer stem cells are found within tumors, and have the capacity to 
self-renew and generate various different cell types present in the tumor 
(Clarke and Fuller, 2006; Reya et al., 2001).  
 
1.6 Link between failure in stem cell asymmetric division and tumor 
formation 
 Since the “Cancer stem cell” hypothesis has been coined, questions 
with regards to the control of proliferation and maintenance of stem cells, and 
how perturbation of normal stem cell behavior can lead to cancer have been 
key areas of research in the field of stem cell biology. Asymmetric stem cell 
division is a common strategy where different cell types are generated in an 
organism. As mentioned earlier on, this mode of division generates a new 
stem cell and a progenitor cell destined for differentiation into specialized cell 
types. As such, the balance between self-renewal and differentiation is 
necessary to maintain a stem cell pool and to generate sufficient numbers of 




intricate equilibrium; very often it results in unrestrained stem cell self-
renewal, causing overproliferation phenotypes that resemble malignant tumor 
growth.  
 The Drosophila larval brain has recently emerged as a novel stem cell 
model in the study of stem cell self-renewal and differentiation. Several lines 
of evidence implicating a link between asymmetric cell division, stem cells 
and tumor formation have come from studies in Drosophila larval neuroblasts. 
In the Drosophila larval brain, stem cell-derived tumors can clearly be induced 
by altered stem cell division and/or impaired progenitor cell differentiation due 
to mutations in regulators of neuroblast asymmetric division. For example, 
earlier studies showed that mutations in tumor suppressor genes such as lgl 
and dlg which induced malignant neoplastic tumor growth in larval CNS, also 
lead to failure in asymmetric localization of cell fate determinants of 
neuroblasts (Betschinger et al., 2006; Lee et al., 2006b; Ohshiro et al., 2000; 
Peng et al., 2000).  
 Secondly, the observation that larval neuroblasts from mutants of 
known asymmetric cell division regulators (e.g. Mira, Lgl and Pins), notably all 
the known cell fate determinants (i.e. Numb, Pros and Brat), when 
transplanted into wild type hosts can continue to cause tumor further supports 
the link between impaired asymmetric cell division and tumor formation (Fig6) 
(Beaucher et al., 2007; Caussinus and Gonzalez, 2005).  In fact, cell lineage 
analysis of mutant brain tissues of lgl and brat that were implanted into adult 
hosts supports the Cancer Stem Cell hypothesis. It has been shown that 
resulting tumors from these transplanted mutant brain fragments originated 
from a subgroup that represents only 1-2% of the cells in each original 
fragment. These implanted cells that undergoes massive overgrowth exhibit 
several hallmarks of malignant neoplastic growth. These mutant cells appear 




into successive hosts to cause tumors. They are characterized by 
unrestrained growth, genomic instability, a variety of abnormal karyotypes as 
well as centrosome dysfunction. It is important to note that tumors arise only 
from transplantation of mutant brain stem cells but not from transplantation of 
symmetrically dividing wing imaginal disc cells carrying the same mutation 
(Castellanos et al., 2008).   
 Consistent with this link between defects in neuroblast asymmetric 
and overproliferation/ tumorigenesis is a series of recent studies using clonal 
analysis in Drosophila larval brain. It has been shown that all the basal cell 
fate determinants (Numb, Pros and Brat) and their adaptors (PON and Mira) 
can act as tumor suppressors. Larval brain neuroblasts homozygous for 
mutations in these asymmetric cell division components produce an excess of 
self-renewing neuroblasts at the expense of differentiated cells (Bello et al., 















Figure 6 Overgrowth of mutant brain tissues implanted into adult hosts 
(adapted from Caussinus and Gonzalez, 2005).  
(a) A green fluorescent protein (GFP)-labeled fragment of wild-type, third-
instar larval brain (green) did not show any sign of growth two weeks after 
implantation into the abdomen of an adult host and remained close to the 
point of implantation (arrow) (b) DAPI staining of a sagittal section from a 
control fly identified the guts (G) and an ovary with multiple ovarioles 
containing maturing oocytes (O). GFP-labeled fragments of (c) pins and (d) 
mira third-instar larval brains grew to many times the original size of the 
implant in two weeks. A large mass of implanted tissue (green) filled the 
abdomen of the host, and small tumor colonies (yellow arrows) were 
scattered at a considerable distance from the point of implantation (black 
arrows). (e) DAPI staining of a sagittal section from a fly implanted with larval 
brain tissue carrying numb clones. Most of the abdomen was taken over by 
the main tumor mass (yellow arrowheads); the ovaries disappeared, and only 
one mature oocyte was visible in this section. Additional tumor colonies were 





   Taken together, these findings suggest a causal link between break 
down in asymmetric cell division and tumor formation, and that a failure in 
proper cell fate specification may be amongst the earliest lesions that lead to 
tumor formation. Therefore, to elucidate how tumors can form through 
defective asymmetric cell division, one needs to first understand the 
mechanisms regulating asymmetric cell division. 
  
1.7 Drosophila Stem Cell self-renewal and Tumor suppression 
 Recent studies of asymmetric cell division players using clonal 
analysis in larval brains as well as transplantation assays have shown that 
there are distinct differences between tumor tissues induced by respective 
groups of mediators in the asymmetric division machinery (in terms of which 
cell type is affected by the mutations and how neoplastic tissue are formed). 
Generally speaking, the few ways that compromised asymmetric cell division 
may cause stem-cell derived tumors can be grouped into the following 
categories (refer to Fig7): -  
 
1) Altered stem cell division causing a direct expansion of neural stem 
cell pool through ectopic expression and/or mutational inactivation of 
asymmetric cell division regulators that affect neuroblast stem cell 
self-renewal.  
2) Misalignment of mitotic spindle causing improper segregation cell fate 
determinants can also give rise to excess neuroblast by symmetric 
division 
3) Impaired progenitor differentiation whereby defects in members of the 
basal targeting machinery (Mira and PON) or in cell fate determination 






Figure 7 Models of the origin of Drosophila larval brain tumours 
(adapted from Januschke and Gonzalez, 2008). 
(A) In most larval NBs (wt) asymmetric division self-renews the NB, and 
creates a GMC (red) that divides into two daughters that differentiate into 
neurons (black). Situations like uncoupling of spindle alignment and polarity 
cues (1) or ectopic widespread cortical localization of aPKC (2) are thought 
to give rise to equal daughters that retain NB identity. In the absence of 
pros or brat, the newborn GMC has been proposed to revert back to NB 
identity (3). In all three cases, the result would be a net increase in the 
number of NBs.  
(B) Asymmetric division of certain larval NBs self-renews the NBs and 
creates transient amplifying cells (white). After maturation (grey), these cells 
can enter mitosis generating more of their kind and GMCs (red) that divide 
into two daughters that differentiate into neurons. Loss of Brat or Numb 
function in this lineage is thought to inhibit the maturation process and to 
result in the uncontrolled growth of the immature cells (Bowman et al., 





 In all three scenarios, the net result would often be a massive increase 
in the number of neuroblasts or neuroblast-like cells, thereby causing hyper-
proliferation phenotype that resembles tumor. Though there are intriguing 
mutations like Pins that seemed to have a dual function in promoting and 
inhibiting stem cell self-renewal, loss of Pins function causes a reduction in 
neuroblast numbers in the larval brain due to occurrence of GMC/GMC 
siblings and in turn premature termination of neuroblast lineages (Lee et al., 
2006b). However, the same mutant neuroblast can result in massive 
malignant tumors when transplanted into abdomen of healthy wild type hosts 
(Caussinus and Gonzalez, 2005). The reason for this discrepancy is still 
unknown. 
 
1.7.1 Tumor growth induced by altered stem cell division  
 Disrupting components of the apical complex such as aPKC and Pins 
affects neuroblast self-renewal, and can cause overgrowth. aPKC is a key 
determinant in promoting the self-renewal capacity of neuroblasts. In larval 
neuroblasts, it acts very much like a proto-oncogene. Larval neuroblasts 
mutant for aPKC enters cell cycle arrest prematurely and aPKC mutant larval 
brains has reduced numbers of neuroblast (Lee et al., 2006b; Rolls et al., 
2003). On the other hand, the ectopic expression of a constitutively active, 
membrane-tethered form of aPKC in larval neuroblasts inhibits cortical 
localization of basal complexes (Betschinger et al., 2003; Rolls et al., 2003; 
Smith et al., 2007). This leads to a dramatic increase in neuroblast numbers 
(Lee et al., 2006b).  
 Consistent with these results, the increased number of larval 
neuroblasts in lgl, pins double mutants correlates with the ectopic localization 
of aPKC throughout the cell cortex of dividing neuroblasts. lgl, pins double 




neuroblasts overproliferating at the expense of differentiating GMCs. Genetic 
interaction experiments showed that lgl, aPKC double mutant has wild type 
(normal) number of neuroblasts and that aPKC is fully epistatic to lgl, 
suggesting that aPKC directly promotes neuroblast self-renewal (Lee et al., 
2006a; Lee et al., 2006b).  
  Upon asymmetric cell division, differential levels of Delta/Notch 
signaling between the two progeny cells is essential for specification of 
different daughter cell fates. Notch is a transmembrane receptor that elicits 
signaling upon binding to membrane-bound ligands of the Delta/Serrate/Lag2 
family (for review see Bray, 2006). This receptor-ligand interaction triggers a 
series of downstream events that allows translocation of activated Notch (the 
Notch intracellular region) to the nucleus to activate transcription of target 
genes. There has been increasing evidence to show that Notch directly 
participates in the regulation of proliferation versus differentiation in numerous 
biological contexts (Androutsellis-Theotokis et al., 2006; Ferres-Marco et al., 
2006; Go et al., 1998; Micchelli and Perrimon, 2006; Ohlstein and Spradling, 
2006). Notch, which is also a downstream target of Numb in the asymmetric 
stem cell division regulatory pathway, has an important role in the control of 
neuroblast proliferation. Numb inhibits Notch signaling to specify distinct 
sibling cell fates during asymmetric cell division (Rhyu et al., 1994; Skeath 
and Doe, 1998; Spana and Doe, 1996).  It has been shown that Notch activity 
is upregulated in numb mutant larval brain. Consistently, overexpression of a 
dominant-active form of Notch in neuroblast clones causes overproliferation 
of larval neuroblasts (Wang et al., 2006). These observations suggest that 
Notch receptor activation promotes stem cell self-renewal and prevents 






1.7.2 Mitotic Spindle orientation and tumor suppression  
 Spindle alignment along the polarity axis of the neuroblast is essential 
to ensure that cleavage occurs in such a way that cell fate determinants are 
asymmetrically distributed between the sibling cells during cytokinesis. The 
orientation of the mitotic spindle is very much dependent on the activity of 
centrosomes that act as microtubule organizing centers (Doxsey et al., 2005). 
Not surprisingly, centrosome aberrations have long been accepted as one of 
the hallmarks of cancer.  
 There is an increasing body of evidence to suggest that spindle 
orientation plays a vital role in suppressing stem-cell overgrowth.  A case in 
point is the effects of the mud mutation in larval neuroblasts. Despite normal 
cortical polarity, mud mutant neuroblasts overproliferate due to spindle 
misorientation that often causes apical and basal complexes to frequently 
missegregate (Bowman et al., 2006; Izumi et al., 2006; Siller et al., 2006).  
Similarly, mutation of the centrosomal protein centrosomin (CNN) that 
compromises the ability of centrosomes to organized microtubles also leads 
to randomized spindle alignment in neuroblasts, and eventually a significant 
increase in neuroblast number in the larval brain. A similar phenotype is 
observed in neuroblasts that are mutant for other centrosomal proteins such 
as protein kinase Aurora-A (Aur-A) (Wang et al., 2006), suggesting a direct 
role of centrosome-related proteins in the function of cell-fate determinants. In 
this case, a major contribution to the overgrowth phenotype in aur-A mutants 
is the failure of Numb to asymmetrically localize to the cortex. 
 Time-lapse confocal microscopy studies have revealed that early in 
the cycle of wild type larval neuroblasts, the two centrosomes become 
unequal in function and fate (Rebollo et al., 2007). One that is localized to the 
apical side seemed to interact closely with the apical cortex and remains 




loses pericentriolar material (PCM) and microtubule-organizing activity, and 
moves extensively throughout the cell. Such erratic movement persists for 
most of the cell cycle until shortly before mitosis, only then does the 
centrosome located near the basal cortex stabilize and recruit PCM to 
organize the second mitotic aster. Consequently, the mitotic spindle is 
assembled in alignment with the polarity axis of the neuroblast. 
 pins mutant neuroblasts fail to self-renew effectively, thereby causing 
a marked reduction in neuroblast numbers (Lee et al., 2006b). This has been 
partially attributed to the fact that larval neuroblasts mutant for pins are 
unable to maintain the unequal centrosome fate and functions like in wild type 
neuroblast after they have been established in the initial stages of the cell 
cycle. Through live imaging, pins mutant neuroblasts have been observed to 
divide symmetrically to produce GMC/GMC siblings due to the inability of 
centrosomes to fix the assembly of mitotic asters, and consequently, spindle 
orientation is randomized (Rebollo et al., 2007).  
 
1.7.3 Tumor growth induced by impaired terminal differentiation 
 The importance of unequal segregation of the basal cell fate 
determinants has been discussed in section 1.3.3. Very often, a failure to 
asymmetrically distribute cell fate determinants during neuroblast asymmetric 
cell division results in both the daughter cells adopting a stem cell-like identity 
upon division. In the absence of these basal targeting adaptor proteins (Mira 
and PON) and cell fate determinants (Numb, Pros and Brat), none of the 
daughter cells inherit the GMC fate and are not driven towards differentiation. 
As a result, the otherwise tightly regulated balance between self-renewal and 
differentiation fails, causing excess stem cell-like daughters to be produced at 
the expense of differentiating daughter cells leading to overproliferation. 




by promoting neuronal differentiation are also considered tumor suppressors.  
Without them, impaired terminal differentiation of GMCs gives rise to excess 
neuroblast-like cells and hence malignant tumor growth (Bello et al., 2006; 
Betschinger et al., 2006; Caussinus and Gonzalez, 2005; Lee et al., 2006c). 
The effects of transplanting such mutant brain tissues into healthy adult hosts 
have been discussed in section 2.2. 
 
1.8 Cell cycle genes regulate asymmetric division and act as tumor 
suppressors 
 A growing body of evidence has reinforced an earlier view that cell 
cycle regulators can impinge on the asymmetric division machinery. 
Mutations in several cell cycle regulators such as Aur-A and Polo affect 
multiple aspects of asymmetric cell division e.g. localization of asymmetric 
cell division proteins, spindle orientation, specification of distinct sibling cell 
fates and/or the decision to self-renew or to differentiate. Strikingly, the 
increase in activity of these cell cycle proteins (at prometaphase and 
metaphase) coincides with the timing of asymmetric protein localization 
during neuroblast divisions, lending a delicate temporal control to this 
intricately-balanced cellular event. 
 Aur-A and Polo are evolutionarily conserved kinases that were 
formerly identified as centrosomal proteins that function mainly in mitotic 
events. Loss of function in either gene delays centrosome maturation, 
causing mutant cells to enter metaphase arrest or to suffer some form of 
cytokinesis defect (Carmena et al., 1998; Glover et al., 1995; Llamazares et 
al., 1991). Therefore, it was a complete surprise when mutants of aur-A and 
polo reportedly cause supernumerary neuroblasts, hence massive overgrowth 




2006). In addition, their mutant brain tissues can also induce malignant 
tumors when transplanted into adult hosts (Castellanos et al., 2008) 
 Clonal analyses and live imaging performed on aur-A mutants have 
revealed that mutant neuroblasts produce two self-renewing daughters at the 
expense of differentiating neurons. Interestingly, in both aur-A and polo 
mutants, the asymmetric localization of basal components namely Numb and 
PON, is dramatically compromised. Also, aPKC is often delocalized to the 
entire cortex of metaphase neuroblasts. The failure of aPKC to 
asymmetrically localize in both mutants, thereby causing both daughter cells 
of asymmetric cell division to inherit stem cell fate, is consistent with its role 
as a proliferation factor required for neuroblast self-renewal. In addition, 
mitotic spindle orientation is also disrupted in aur-A and polo mutants.  
 Even though compromised asymmetric localization of Numb and PON 
is one of several aspects adversely affected in these highly-conserved kinase 
mutants, it would appear that this aberration alone is sufficient to cause the 
observed overproliferation phenotype. The reason being that clones in the 
larval central brain homozygous for numb or pon mutation also exhibit excess 
proliferation at the expense of differentiation. Furthermore, this observed 
overproliferation phenotype in aur-A and polo mutant can be significantly 
reversed by overexpressing wild-type Numb (Wang et al., 2007; Wang et al., 
2006).  
 Until recently, little is known about the biochemical pathway through 
which Aur-A might act to suppress excess proliferation. No doubt, Aur-A is 
required for Numb asymmetry but its role in centrosomal maturation does not 
seem to be necessary for Numb localization (Berdnik and Knoblich, 2002). 
Recently, a report by Wirtz-Peitz et al. suggests a molecular mechanism by 
which Numb is asymmetrically localized through a phosphorylation cascade 




kinase Aur-A activates aPKC by phosphorylating Par-6 PB1 domain, a 
subunit of the apical Par complex which also includes aPKC. This releases 
Par-6 repression on aPKC, freeing aPKC to phosphorylate Lgl in order to 
release Lgl (potent inhibitor of aPKC) from the Par complex. Now the other 
Par complex protein, Baz can bridge aPKC and Par6 so that cell fate 
determinant Numb is phosphoryated by aPKC and is asymmetrically localized 
on the basal side (figure 8). This intriguing model not only provides a 
compelling link between a central regulator of polarity (the Par complex) and 
the cell cycle, but it also shows how cell cycle gene can impinge on 
asymmetric cell division to act as tumor suppressors. 
 On the other hand, it has been shown that PON is a downstream 
target of Polo kinase in the regulation of neuroblast asymmetric division. Polo 
phosphorylates PON on a serine residue (S611) at the C-terminus, mediating 
PON asymmetric localization (Wang et al., 2007). As a cell fate determinant 
and a repressor of Notch, the asymmetric localization of Numb is facilitated by 
PON. Consistently, Polo is also required for asymmetric localization of Numb 












Figure 8. Proposed mechanism where activation of Aur-A leads to the 




 Taken together, these findings delineate the importance of Numb/PON 
as downstream targets of Aur-A and Polo in mediating asymmetric cell fate of 
neuroblast daughters. More importantly, a link between cell cycle genes and 
regulation of asymmetric division/polarity provides the molecular mechanisms 
by which cell cycle genes can act as tumor suppressor to prevent excessive 
stem cell self-renewal and tumor formation. 
 
1.9 Protein phosphatases, asymmetric division and tumor 
suppression 
 It is unclear how phosphorylation by protein kinases such as aPKC 
and Polo leads to cortical displacement of basal proteins like Numb and PON. 
Also unknown, is the “fate” of these asymmetric cell division proteins once 
they are phosphorylated and displaced from the cell cortex into the 
cytoplasm. Given the vital role of protein kinases in neuroblast asymmetric 
divisions, it seems inevitable that protein phosphatases counteracting 
activities of these kinases are in place to regulate the effects of 
phosphorylation on neuroblast asymmetric cell division. Indeed, recent 
studies, including the work I have done (refer to Chapter 4),  have shed light 
on the identities of some of these protein phosphatases involved in the 
regulation of cell polarity and self-renewal of Drosophila neuroblasts. 
 Protein phosphatase 2A (Pp2A) is a conserved serine/threonine 
phosphatase that functions as a heterotrimeric complex comprising a catalytic 
C subunit (Microtubule star; Mts), a scaffolding A subunit (PP2A-29B) and 
one of the variable regulatory B subunits – Twins (Tws), Widerborst (Wdb), 
B56-1 and PR-72 (Fig 9)  (Hannus et al., 2002; Li et al., 2002; Mayer-Jaekel 




A subunit serves as a linker between the catalytic and regulatory subunits, 
while B subunits provides substrate specificity of the holoenzyme.   
 
 Work from our lab showed that PP2A is a brain tumor-suppressor that 
can inhibit self-renewal of neuroblasts. Supernumerary larval brain 
neuroblasts are generated at the expense of differentiated neurons in pp2A 
mutants (Wang et al., 2009). We found that PP2A regulates asymmetric 
localization of Numb, PON and aPKC. PP2A, like Polo, enhances Numb and 
PON phosphorylation. Furthermore, a reduction of PP2A function in larval 
brains or S2 cells causes a marked decrease in Polo transcript and protein 
abundance. Consistently, overexpression of Polo or Numb significantly 
suppresses neuroblast overgrowth phenotype in PP2A mutants. Taken 
together, our results suggest that PP2A inhibits excess neuroblast self-
renewal in the Polo/Numb pathway (Wang et al., 2009). Kindly refer to the 
Results section for full details of this project. 
 At about the same time, two other labs also published their findings on 
the involvement of PP2A in different aspects of neuroblast asymmetric cell 
division than ours. Krahn et al. showed that PP2A binds to Baz via its catalytic 
subunit (Mts) and dephosphorylates Baz at conserved serine residue 1085. A 












loss of function in PP2A leads to impaired dephosphorylation at this site, 
resulting in a complete reversal of apical-basal polarity in the embryonic 
neuroblasts (Krahn et al., 2009). This reversal in neuroblast polarity of PP2A 
mutants can be phenocopied by overexpression of PAR-1 or mutation in 14-
3-3 proteins. They conclude that PP2A antagonizes phosphorylation of Baz 
by Par-1 to control apical-basal polarity in dividing embryonic neuroblasts.  
 Consistent with our findings, Ogawa et al. observed that loss of mts 
function causes defects in neuroblast divisions. In dominant-negative mutant 
of Mts (dnMts), Mira localization in embryonic neuroblast is severely affected. 
Mira spreads into the apical side and often delocalizes into the cytoplasm as 
well as the mitotic spindle, very much like the phenotype observed in lgl 
mutants. Genetic epistasis studies suggest that mts genetically interacts with 
par-6 and lgl in a cooperative manner in asymmetric neuroblast division. In 
addition, co-immunoprecipitation assays revealed that Mts tightly associates 
with Par-6. Furthermore, in vitro dephosphorylation assay showed that Mts 
efficiently dephosphorylates AurA-phosphorylated Par-6 (Ogawa et al., 2009). 
Since it is known that Par-6 directly associates with aPKC to suppress its 
kinase activity (Yamanaka et al., 2001), and phosphorylation of Par-6 by AurA 
abolishes this inhibitory effect on aPKC in neuroblasts. Ogawa et al. proposed 
that PP2A suppresses aPKC signaling by promoting Par-6 dephosphorylation 
in neuroblasts, uncovering the counteracting mechanism to balance aPKC 
signaling in the regulation of asymmetric cell division. 
 Another evolutionarily conserved protein phosphatase 4 (Pp4) 
regulatory subunit PP4R3/ Falafel (Flfl) has also been identified as a mediator 
specific for the cortical localization of Mira during Drosophila neuroblast 
asymmetric division (Sousa-Nunes et al., 2009). In flfl mutants, Mira and its 
associated proteins Pros, Brat and Stau, are similarly mislocalized to the 




revealed that Flfl is capable of direct interaction with Mira, and results from 
genetic analyses suggest that Flfl may target PP4 to the Mira protein complex 
to facilitate dephosphorylation step(s) required for its cortical 
association/asymmetric localization (Sousa-Nunes et al., 2009). 
 
1.10 Objectives 
 As reviewed above, it is evident that Drosophila neuroblasts have 
been a remarkably useful model system for investigating the mechanisms that 
control asymmetric cell division. Studies in the embryonic neuroblasts have 
identified several central players of the polarity machinery necessary to set 
the stage for proper asymmetric division to take place. Recent findings from 
the study of Drosophila larval neuroblasts have revealed genetic mechanisms 
crucial for regulation of stem cell self-renewal and tumor suppression via 
asymmetric cell division.  
 The discovery that evolutionarily conserved protein kinases and 
phosphatases act as proto-oncogenes (e.g. aPKC) or tumor suppressors (e.g. 
Aur-A, Polo, PP2A) that can promote or inhibit neuroblast self-renewal opens 
up the possibility of global control of cell polarity through crosstalk between 
kinases, phosphatases and asymmetric cell division regulators.  In a broader 
sense, the link between stem cell, asymmetric division and tumor formation 
has reshaped our current understanding of cancer. These findings offer new 
perspective to study the control of cell growth and cell-cycle progression, and 
to re-examine the initiating events in tumor formation.  
The fact that asymmetric cell division proteins like aPKC has been a 
recurring key component in other polarized systems, suggests that molecular 
genetic data and regulatory mechanisms uncovered from Drosophila 




 The objective of this Ph.D. thesis project is to identify and characterize 
novel regulators of asymmetric division of neural stem cells that will hopefully 
give us a more complete picture of the underlying mechanisms that regulate 
stem cell self-renewal, progenitor differentiation and tumor suppression via 
asymmetric cell division. Given the conserved molecular mechanism of 
asymmetric divisions both in mammals and flies, findings from this fly model 
will greatly better the understanding of mammalian neurogenesis as well as 
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CHAPTER 2   
MATERIALS AND METHODS 
All chemicals and reagents were obtained from Sigma Chemical 
Company (USA) unless otherwise stated. Restriction enzymes, Taq 
polymerases, and DNA modifying enzymes were purchased from New 
England Biolabs, Roche and Promega. 
 
2.1  Molecular Biology 
2.1.1 Recombinant DNA methods 
General recombinant DNA methods were performed essentially as 
previously described (Sambrook and Russell). Polymerase Chain Reaction 
(PCR) was done with Taq DNA polymerase. Restriction enzyme digestions 
were performed using appropriate buffers supplied by the manufacturers. 
Dephosphorylation of DNA fragment was done using calf intestinal 
phosphatase (CIP). T4 DNA ligase was used for ligation of DNA fragments. 
Double-stranded DNA sequencing was performed with automatic PCR-based 
Big-Dye sequencing method. 
 
2.1.2 Bacterial host strains and growth conditions 
The E. coli strain XL-1 Blue (recA1 endA1 gyrA96 thi-1 hsdR17 
supE44 relA1 lac [F´ proAB lacIqZΔM15 Tn10 (Tetr)]) was used throughout 
this study for all cloning procedures except for fusion protein expression, E. 
coli strain BL21 (DE3) (F- ompT hsdSB(rB-mB-) gal dcm (DE3) was used. 
E. coli cells were either cultured in LB broth (1% bacto-tryptone, 0.5% 
bacto-yeast extract and 1% NaCl pH 7.0) or maintained on LB agar plates (LB 
containing 1.5% bacto-agar) at 37oC overnight. When recombinant plasmid-
containing cells were cultured, the LB media was supplemented with 
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100μg/ml of Ampicillin or carbenicillin, or 50μg/ml of Kanamycin (depending 
on the antibiotic resistance gene present in the vector backbone) 
 
2.1.3 Cloning strategies 
In most cases, cloning was done using the Gateway® Technology 
cloning method that takes advantage of the site-specific recombination 
properties of bacteriophage lambda (Landy, 1989). In brief, cDNA molecules 
obtained by blunt-end PCR amplification were first directionally cloned into 
pENTRTM/D-TOPO® vector using pENTRTM Directional TOPO® Cloning Kit 
(Invitrogen). Expression constructs were then generated by performing an LR 
recombination reaction (Invitrogen) between the entry vector and a Gateway® 
destination vector of choice (e.g. expression vectors with GST-, FLAG- and 
His-tags or transgenic constructs such as UASt vectors containing a GAL4-
responsive promoter for expression in vivo, see below). All procedures were 
carried out according to manufacturer’s protocols.  
Where Gateway® cloning method cannot be used, the traditional 
recombinant DNA cloning method was used. A brief summary of PCR cloning 
is as follows: The PCR product was first separated on an appropriate agarose 
gel. The PCR product was then recovered from the agarose gel using 
Qiaquick gel extraction kit according to the manufacturer’s instructions 
(Qiagen, Germany). The DNA was then dissolved in 30-50μl of sterile water. 
The eluted PCR product was then digested with required enzymes (37oC for 
2hrs) and purified using Qiaquick PCR purification kit (Qiagen). At the same 
time, the vector was cut with the same enzymes (37oC for 2hrs) and treated 
with CIP (37oC for 1hrs, added into reaction mix after 1hrs incubation in 
restriction enzymes). The vector was recovered after CIP treatment using 
Qiaquick gel extraction kit (Qiagen). Ligation of the insert with vector was set 
along with ligase buffer and ligase enzyme from Ligafast rapid ligation kit 
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(Promega). This reaction was done 45min to 1h at room temperature. 
Transformation of the ligation mixture was then done using heat shock 
transformation or electroporation transformation method. pGL3-aPKCpro 
construct used in the Luciferase assay was made using this protocol. 
 
2.1.4 Transformation of E. coli cells 
2.1.4.1 Preparation of competent cells for heatshock transformation 
400ml of LB was inoculated with 10ml XL1-Blue culture (that was 
grown overnight). The cells were shaken vigorously at 37°C until the OD600 
was about 0.5 (approximately 2 hours). The cells were then harvested by 
centrifugation in 50ml falcon tubes at 4oC and spinning at 3,500 rpm for 5 
minutes. The cell pellet was then resuspended in 20ml of ice-cold Buffer A 
(10 mM MOPS, 10 mM RbCl, pH7.0) and centrifuged as before. The cell 
pellet was then gently resuspended in 20ml of Buffer B (100 mM MOPS, 50 
mM CaCl2, 10 mM RbCl, pH 6.5) by inverting each tube. The cells were 
chilled on ice for 15 minutes and the pellet was resuspended in 5ml of ice-
cold Buffer B containing 10% volume of glycerol. These cells were then snap-
frozen in aliquots of 200µl and stored at –80°C. 
 
2.1.4.2 Heat shock transformation of E. coli 
The competent cells were thawed on ice, and 10 µl of the ligation 
reaction mix or 1-3μl of plasmid DNA was added. Cells were kept on ice for 
10-15minutes then heat shocked at 42oC for 45 sec in a water bath without 
shaking. After heat shock, cells were chilled immediately on ice for 1 minute. 
The cells were then recovered in 500μl to 1ml of room temperature-LB lacking 
antibiotic 37oC for 1 hour, shaking horizontally. Cells were then briefly spun 
and resuspended in 100μl of LB before spreading them on LB agar plate 
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containing the appropriate antibiotic (100μg/ml of Ampicillin or Carbenicillin, or 
50μg/ml of Kanamycin). 
 
2.1.4.3 Preparation of competent cells for electroporation  
A litre of LB was inoculated with 10 ml XL1-Blue culture that was 
grown overnight. The cells were shaken vigorously at 37°C until the OD600 
reached about 0.9-1 (about 4 hours). The cells were chilled on ice for 30 
minutes, and centrifuged in a cold SS34 rotor for 15 minutes at 3000 rpm at 
4°C. The supernatant was then removed and the pellet resuspended in cold 
deionised water in volume ration of 1:1.  This was followed by another round 
of centrifugation as was done previously and the pellet was resuspended in 
500ml of cold water and centrifuged again. The supernatant was then 
removed and the pellet resuspended in 20-30 ml of cold 10% glycerol.  
Another round of centrifugation followed this step. The supernatant was then 
removed and the pellet was resuspended in 2-3 ml of cold 10% glycerol. 
Aliquots of 50µl were made and snap-frozen and stored at –80°C. 
 
2.1.4.4 Electroporation transformation of E. coli 
The electrocompetent cells were allowed to thaw on ice. 1-2µl of 
ligation reaction or 1μl of plasmid DNA was added to the cells and mixed 
gently. The mixture was then kept on ice for 1 minute and then transferred to 
a pre-chilled 0.2 cm electroporation cuvette. The Gene Pulser Apparatus 
(Biorad) was set to 25µF and 2.5 kV, and the Pulse Controller set to 200Ω. 
The cell suspension was made to settle to the bottom of a cuvette by 
shaking/knocking the cuvette. Then a pulse with a time constant of 4 to 5 
msec and field strength of 12.5 kV/ cm was applied. 1 ml of LB was added to 
the cells immediately after electroporation and this was followed by transfer of 
the suspension to a 1.5 ml eppendorf tube. The cells were then incubated at 
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37°C for 1 hr, with occasional shaking and plated on LB agar with appropriate 
antibiotics. 
 
2.1.5 Plasmid DNA preparations 
Plasmid minipreps of bacterial cultures (1-3ml) were carried out using 
the QIAprep Miniprep kit from QIAGEN according to manufacturer’s 
instructions.  For larger scale plasmid DNA preparation, plasmid maxipreps of 
bacterial cultures (500 ml) were performed with the Qiagen Plasmid Maxi Kit 
using Qiagen-tip 500 resin columns. These plasmid purifications is based on 
alkaline lysis of bacterial cells followed by adsorption of DNA onto silica in the 
presence of high salt and were carried out according to the manufacturer’s 
protocol. 
 
2.1.6 Isolation of total genomic DNA from adult flies 
30-50 flies were snap-frozen in liquid nitrogen and homogenized in 
400μl of Buffer A (100mM Tris/HCl pH 7.5, 100mM EDTA, 100mM NaCl and 
0.5% SDS) in a 1.5 ml Eppendorf tube. 1μl of proteinase K was added to 
mixture and incubated at 52oC for 30 mins. Then proteinase K was denatured 
at 95oC for 5 mins. To precipitate DNA, 800μl of LiCl/KAc solution (1 part 5M 
KAc: 2.5 part 6M LiCl) was added and mixture spun at maximum speed 
(14,000rpm) room temperature for 15 mins. The supernatant was transferred 
to a fresh 1.5ml Eppendorf tube and centrifuged again to remove as much 
debris as possible. 600μl of isopropanol was mixed with the supernatant, 
mixed well and spun at maximum speed (14,000rpm) room temperature for 
15 mins. After which supernatant was aspirated and remaining DNA pellet 
was washed with 70% ethanol and air dried before resuspension in 150μl of 
sterile water or TE buffer (10mM Tris/HCl pH7.5 or pH8.0, 1mM EDTA, 
autoclaved). 
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2.1.7 Reverse Transcription (RT)-PCR 
2.1.7.1 Isolation of total RNA 
Total RNA was isolated from Drosophila embryos, third-instar larvae 
or S2 cells with TRI reagent (Sigma-Aldrich) followed by DNase I treatment 
(Sigma-Aldrich) as described by the manufacturer. Briefly, samples were 
snap-frozen with liquid nitrogen and homogenized in TRI regent. Homogenate 
was incubated at room temperature for 10mins then bromochloropropane was 
added. The mixture was vortex vigorously and incubated at room temperature 
for 5 mins before centrifugation at 4oC for 15mins. To precipitate nucleic acid, 
the aqueous phase was transferred to a fresh tube; isopropanol was added 
and mixed well by repeated inversion. Sample was incubated at room 
temperature for 5 mins then centrifuged at maximum speed (14,000rpm) at 
room temperature for 5 mins. Pellet containing the nucleic acid was washed 
with 75% EtOH (fresh) and centrifuged at 4oC for 5 min before resuspension 
in diethyl pyrocarbonate (DEPC)-treated water. To remove contaminating 
DNA, total RNA preparations were subjected to DNase I treatment before 
use/storage. Barrier tips were used in all the above procedures and RNA 
stored in -80oC until ready to use. 
 
2.1.7.2 First strand cDNA synthesis 
Target messages were reverse transcribed using the ProtoScript First 
Strand cDNA Synthesis Kit (NEB). Briefly, 2 μl of dT primer, 4 μl of dNTP and 
2 μl of 10x buffer was added to RNA template. Then 1 μl of RNase inhibitor 
and 1 μl of RT enzyme was added, mixed well and incubated at 42oC for 1hr. 
The reaction was heat-inactivated at 95oC for 5 mins and immediately placed 
on ice to chill. 1 μl of RNase H was then added to the reaction mix, incubated 
at 37oC for 20 min, and heat-inactivated at 95oC for 5 min. 
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2.1.7.3 PCR reaction after RT 
PCR was performed using the Expand High Fidelity PCR System 
(Roche). Targets to be amplified were approximately 250-750bp in length, 
with PCR primers designed to traverse at least 1 intron (Table 1). Bands were 
quantified using Scion Image software (beta 4.0.3). 
 
Table 1. Primers used in RT-PCR 
 
Gene  Primer sequence (5’ to 3’) 
aur-A F: AAGAAGACCACATCAGAGTTTGC 
 R: TTGATGTCCCTGTGTATGATGTC 
aPKC F: CTTTCTGTGCCTACTGCCAGGATC 
 R: CATCTCATAGAGCAAGACGCCTAG 
baz F: GACATATCAGCAGGGTTCTCATC 
 R: GGTCCCTTCTTGAGCATAATTTC 
brat F: GTCCAACTATCAGTCGATTCAGG 
 R: GATGAAAACAGATTGTCGCTACC 
cdc42 F: GAGCCGTGGGTAAGACATGC 
 R: GCCGAGCACTCCACGTACT 
flfl F: AAATACACGCAGGTGTTCAATG 
 R: CAGCAGGTCCAGGTTTTTAATC 
GAPDH F: CGGAATTAACGGATTTGGCCGCAT 
 R: CGTCATAGGTGGCTCCCTTGCCCA 
lgl F: ATACGCCACTTGGAGCATAGA TA 
 R: ATA AAGCTTAGTCGCGTCCTCTT 
mira F: ACATTCTGATGGAGCGTCTAAAG 
 R: ATCTTCTCCAGATCGGTGGTATT 
numb F: ATGACCTTCGACACGAAGAACT 
 R: GTTCTGATTAATGCTGCGATTG 
par6 F: AGCTGACCAACATCCAGTTTCT 
 R: CCATTTACCTCGATCACCTCAT 
PP2A-A (PP2A-29B) F: ATGGCAGCAAGCGACAAATCG 
 R: ATTCCACAGCCTTGTCTCGC 
pins F: GTGAACATCTCCGATCTACGAAA 
 R: CGCATAAGCATGTCTAGGAAGTC 
polo F: GGAGTCGACCTTCCTCAAGGCCAA 
 R: GTCTTTAGACACGCCGTTCTCCAC 
PON F: GGGAGACGCTCTATAAAAATGCT 
 R: CCTCATATGGATTGAACTGCTTC 
pros F: GACAACTGCAGGTAAATGGTTGT 
 R: GACATCATCTTGCTCATCATCTG 
stau F: GTTCTCAAGACACAGGCCATATC 
 R: CTATCAGCTCGAAAATGGGTTC 
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zif F: ATGCGCGTCGAGCTTACC 
 R: AAAAGTTTCCGCAGACGTCG 
Note: “F” denotes forward primer and “R” denotes reverse primer 
 
 
2.1.8 Site-directed mutagenesis 
zif phospho-mutants with single mutation (UAS-Venus::ZifS197A or 
ZifS197D) or double mutations (UAS-Venus::ZifS197A, 292A or 
ZifS197,292D) were created by site-directed mutagenesis using the 
QuickChange kit (Stratagene). Mutant primers were used to change serine 
residues at the two predicted aPKC phosphorylation sites in Zif to non-
phosphorylatable alanine or phosphomimetic aspartic acid residues. Mutant 
primers used are shown in Table 2. 
 
Table 2. Mutant primers used for site-directed mutagenesis 
 
Primer Name   Primer sequence (5’ to 3’) 
Zif_S197A F: GAGGCGGCCAAGGCAGCCCTGAAGGCGCGGCGC 
 R: GCGCCGCGCCTTCAGGGCTGCCTTGGCCGCCTC 
Zif_S197D F: GAGGCGGCCAAGGCAGACCTGAAGGCGCGGCGC 
 R: GCGCCGCGCCTTCAGGTCTGCCTTGGCCGCCTC 
Zif_S292A F: CAATTCTTCTACGAAGCCGTTCTCAAGTCTCAT 
 R: ATGAGACTTGAGAACGGCTTCGTAGAAGAATTG 
Zif_S292D F: CAATTCTTCTACGAAGACGTTCTCAAGTCTCAT 
 R: ATGAGACTTGAGAACGTCTTCGTAGAAGAATTG 
Note:F” denotes forward primer and “R” denotes reverse primer 
 
 
2.2 Cell Culture 
 
2.2.1 Production of double-stranded RNA (dsRNA) 
Individual DNA fragments ranging from about 400 to 800bp in length, 
containing various coding sequences for the proteins to be knocked down, 
were amplified either from cDNA clones purchased from the Drosophila 
Genomics Resource Center (for aPKC, zif, mts, 29B and wdb) or an S2 cells 
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cDNA library (for tws, B56-1 and PR72). PCR primers contain a T7 RNA 
polymerase binding site at the 5’ end (Table 3). Double stranded RNA 
(dsRNA) was synthesized from 1μg of the purified PCR product by incubating 
a 20μl reaction at 370C for 24h using the MEGAscript T7 Transcription Kit 
(Ambion) according to manufacturer’s protocol.  The RNA products were 
ethanol precipitated at -200C and resuspended in DEPC-treated water.  To 
anneal the single stranded RNA, samples were incubated for 30mins at 650C 
and cooled slowly (4h to overnight) to room temperature. The size and 
integrity of the dsRNA was examined on a 1% agarose gel. dsRNA was 
stored as aliquots at -800C until use  
Table 3. Primers for making dsRNA for RNAi knockdown in S2 cells 
Gene CG 
number 
 Primers* (5’ to 3’) 
aPKC CG10261 F: AGGGTTTCAAGTGCATCCAG 
  R: AGTATCTCAGGGGCAATGTA 
zif CG10267 F: AACATGGCCTACCAGTTTCG 
  R: ATATTGGCAGATGCCGTCAT 
PP2A-A (PP2A-
29B) 
CG17291 F: GACTTCTGCGCCAATCTGGAC 
  R: ATCAATGACGCTGGCCTCCAG 
dPP2A-C (mts) CG7109 F: ATGCATCGCTAATCGATACAC 
  R: GTACACCTGTGTGATCTGGC 
PR55 (tws) CG6235 F: GTTAATTCGGATCAGGAGACC 
  R: TTGCGATCGAAGACGCGGAAG 
B56-1 CG7913 F: CCTGAAGACTGTTTTACATCG 
  R: CGTTCAAAAACATAACCTCC 
B56-2 (wdb) CG5643 F: GAGGACGATCCGACACTGGAG 
  R: CATGATCGGCATGATGACCGC 




2.2.2 Cell culture, dsRNA and drug treatment 
Drosophila S2 cells were maintained in Shields and Sang M3 insect 
medium (with L-glutamine and potassium bicarbonate; Sigma-Aldrich), and 
supplemented with 10% fetal bovine serum (FBS; Hyclone). For dsRNA 
treatment, a final concentration of 20μg/ml of the specified dsRNA was added 
to 1 ml of S2 cells suspension (1x106 cells/ml) in Drosophila expression five 
serum-free medium (Invitrogen), mixed well and plated in six-well cell culture 
dish. Cells were incubated for 45mins to 1h at 260C before adding 2ml of 
Drosophila Shields and Sang M3 insect medium containing 10% FBS per 
well.  The cells were cultured for 3 days to allow turnover of the target protein. 
For drug treatment, S2 cells were incubated in M3 medium supplemented 
with 10% FBS containing phosphatase inhibitor (30nM Calyculin-A, 
Calbiochem) alone or along with proteasome inhibitor MG132 (100μM, 




2.3.1 Frequently used buffers and solutions 
2x SDS gel-loading 
buffer 
100 mM Tris HCl pH 6.8, 200 mM dithiothreitol 
(DTT), 4% SDS, 0.2% bromophenol blue, 20% 
glycerol. Add DTT (1 M stock) before use. 
10x Tris-glycine 
electrophoresis 
(PAGE) buffer, pH 8.3 
30.2g Tris, 188g glycerine, 50 ml 20% SDS, add 
distilled water to 1000ml. 
PR72 CG4733 F: GATCCAGATACGTGCACACAG 
  R: GAA-ACCACACAAAGTCCGTG 
* T7 promoter sequence 5’ TTAATACGACTCACTATAGGGAGA 3’ precedes 
both forward (F) and reverse (R) primers 
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Required amounts of 30% acrylamide mix and 
deionized water, ¼ vol. 1.5 M Tris (pH 8.8), 0.01 
vol. 10% SDS, 0.01 vol. 10% ammonium persulfate 
(APS), 0.0008 vol. TEMED. 
Stacking gels for 
PAGE 
0.68 vol. H20 (deionized), 0.17 vol. 30% acrylamide, 
0.125 vol. 1.0 M Tris (pH 6.8), 0.01 vol. 10% SDS, 
0.01 vol. 10% APS, 0.001 vol. TEMED. 
Lysis buffer (to extract 
proteins for 2D-
PAGE) 
9M Urea, 2M thiourea, 4% CHAPS, 0.5% 
Pharmalyte, 20mM DTT, add distilled sterile water. 
Equilibration buffer (to 
prepare IPG strip for 
2D-PAGE) 
1.68ml Tris HCl pH8.8, 18g Urea, 15ml 87% 
glycerol, 10ml 10% SDS, top up to 50ml with sterile 
distilled water. Add 500mg DTT (Buffer 1) or 1g 
Iodoacetamide (Buffer 2) 
Western transfer 
buffer, pH 8.3 
3.03g Tris, 14.4g glycine, 200ml methanol, add 
distilled water to 1000 ml (do not adjust pH). 
Blocking solution PBS, 3% skimmed milk powder, 0.05% Triton X-
100. 
 
2.3.2 PAGE and Western transfer of protein samples 
Larval brains or S2 cells were lysed in RIPA buffer (50 mM Tris HCl 
pH 7.5,  150mM NaCl, 1 mM EDTA, 1% Triton X-100,  0.5% sodium 
deoxycholate, 0.1% SDS) containing Protease inhibitor cocktail (Roche), 1 
tablet per 50 mL. 10-20µg of protein extracts were mixed with equal volume of 
2X SDS loading buffer and boiled for 6 mins or incubated at 85oC for 15 mins, 
after which the sample was loaded on the SDS-PAGE gel. Electrophoresis 
was carried out in a minigel apparatus (Biorad) at 50 V for 20 minutes and 
subsequently at 100 V for 2 hours. Transfer onto a Hybond C-extra 
nitrocellulose (Amersham) membrane was carried out in a Trans-Blot 
Electrophoretic transfer cell from Biorad. The transfer was performed at 100 V 
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for 1.5 hr in the cold room. A magnetic stirrer was used to recirculate the 
transfer buffer. 
 
2.3.3 Immunological detection of proteins and antibodies used 
The membrane was blocked overnight for one hour at room 
temperature or overnight at 4°C in blocking solution. It was then incubated in 
primary antibody diluted in blocking solution at 4°C overnight or for 2 hours at 
room temperature. This incubation is followed by 4 washes in PBT (PBS, 
0.1% Triton) for 10 minutes per wash. The membrane was then incubated in 
secondary anti-mouse, anti-rat or anti-rabbit IgG antibodies coupled with HRP 
(Immuno Jackson), at a dilution of 1:2000 in blocking solution, for 30mins to 1 
hour at room temperature. The membrane was then washed as before and 
the antibodies bound to the membrane were detected by chemiluminescence 
using the ECL system from Amersham. Protein bands were quantified using 
Scion Image software (beta 4.0.3). 
Antibodies used for Western blotting include rat anti-Zif (1:2000, 
generated in this study; see below), rabbit anti-p-S197Zif (1:2000, generated 
in this study), guinea pig anti-Numb (1:1000, J. Skeath), mouse anti-Polo 
(1:100, C. Sunkel), rabbit anti-pS611Pon (1:500, B. Lu, Stanford University, 
Palo Alto, CA, USA), rabbi anti-aPKCζ C20 (1:1000; Santa Cruz 
Biotechnologies), rabbit anti-p-aPKC (1:1000, Abcam) and rabbit anti-p-
S7Numb (1:500, K. Kaibuchi, Nagoya University, Showa, Nagoya, Aichi, 
Japan) and mouse anti-α-tubulin (1:1000, Millipore). 
 
2.3.4 Generation of anti-Zif polyclonal antibody 
Full-length cDNA zif was cloned into an N-terminal GST fusion vector 
(Gateway® pDEST15TM) for expression in E. coli strain BL21(DE3) by 
Gateway® cloning method. Because the GST-fusion protein of Zif was 
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insoluble, polyacrylamide gel slices containing the induced Zif polypeptides 
were directly excised from the SDS-PAGE gel after electrophoresis. The 
excised gel was mixed with 50% w/v PBS and pulverized by passing through 
the syringe repeatedly with needles of increasing gauge (i.e. decreasing bore 
diameter). About 5μl of the pulverized gel was run on SDS-PAGE to check 
the concentration (at least 0.5μg/μl), integrity and the size of fusion protein to 
ensure that no contaminating bands were excised.  
For the initial inoculation, the pulverized gel was homogenized with 
complete Freund’s adjuvant containing killed Mycobacteria tuberculosis 
(Invitrogen) in the ratio of 1:1. For subsequent boosts, which were performed 
every 2 weeks, the pulverized gel was mixed with incomplete Freund’s 
adjuvant in the ratio of 1:1. Rats and guinea pigs were injected 
intramuscularly with pulverized gel containing the fusion protein homogenized 
with PBS and Freund’s adjuvant.  
The polyclonal sera were first tested 10 days after the 4th boost. 
Different rats and guinea pig antisera were obtained against the fusion protein 
and used to stain wild type third-instar larval brain for endogenous protein 
expression and neuroblast MARCM clones of zif mutant to check antibody 
specificity. 
 
2.3.5 Fusion protein expression 
 A single clone was picked and inoculated in 2ml culture media (LB + 
Carbenicillin) and allowed to grow over night. 50ul of this culture was then 
inoculated into 1ml LB + Carbenicillin. The culture was then grown till it 
reached an OD600 of 0.6-0.8 (2-3 hours). IPTG was added to induce protein 
expression and culture was grown for a further 3-4 hours at 37degree. The 
entire culture was then spun down and resuspended in 250μl of 2X SDS 
buffer and boiled for 10 minutes. This was then run on a SDS-Page gel to 
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normalize protein loading amounts by comparing it with known concentrations 
of standard BSA. 
 
2.3.6 Two-dimensional PAGE 
 To identify post-translationally modified Zif, proteins extracted from S2 
cells were first resolved using isoelectric focusing (IEF) on immobilized pH 
gradient (IPG) strips (Biorad) in the first dimension where proteins were 
separated according to their isoelectric points. IPG strips were rehydrated in 
lysis buffer stained with a tinge of bromophenol blue before IEF. After IEF, 
IPG strips were equilibrated in equilibration buffer 1 then equilibration buffer 2 
for 10 mins each at room temperature. Following which proteins were further 
resolved by SDS-PAGE in a second dimension as described in section 2.3.2, 
which separates proteins according to their molecular mass. Rat anti-Zif 
polyclonal antibody was used to detect post-translationally modified proteins 
(as described in section 2.3.3). 
 
2.3.7 Chromatin Immunoprecipitation (ChIP) Assay 
 
ChIP was performed according to the protocol described by ChIP 
assay kit (Upstate Biotechnology). Buffers used are provided in the kit unless 
otherwise stated. Briefly, S2 cells were grown in Shields and Sang 3M insect 
medium supplemented with 10% FBS. To crosslink histones to DNA, 
formaldehyde was directly added to culture medium (~2 X 107 cells) to a final 
concentration of 1%, and then incubated for 15 minutes at room temperature. 
The cross-linking reactions were then terminated by the addition of glycine to 
a final concentration of 0.125M. The cells were harvested and then washed 
with ice-cold PBS containing protease inhibitors. The cell pellet was 
resuspended in SDS lysis buffer (1%SDS, 10mM EDTA, 50mM Tris, pH 8.1) 
and incubated for 10 mins on ice to lyse the cells.  
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To shear DNA to lengths between 0.5 to 1Kb, lysate was then 
sonicated eight times for 10secs each at 50% power output followed by 
centrifugation for 10 minutes at 13,000 rpm at 4oC. The chromatin solution 
was diluted with ChIP dilution buffer (0.01% SDS, 11% Triton X-100, 1.2mM 
EDTA, 16.7mM Tris-HCl pH 8.1, 150mM NaCl) then pre-cleared by adding 
50μl of Protein A Agarose/Salmon Sperm DNA (50% slurry), and was 
incubated for 30 minutes at 4°C with agitation. This was followed by brief 
centrifugation at 4°C to pellet agarose and collect supernatant fraction.  
Immunoprecipitation was performed overnight at 4°C with 2μl anti-Zif 
antibody or 2μl anti-GFP antibody (as a control) per 1ml of supernatant 
fraction. Subsequent to immunoprecipitation, 50μl of Protein A 
Agarose/Salmon Sperm DNA (50% slurry) was added and further incubated 
for 1hr at 4oC. Protein agarose A/antibody/histone complex was collected by 
gentle centrifugation and washed once with low salt immune complex wash 
buffer (0.1% SDS, 1% Triton X-100, 2mM EDTA, 20mM Tris-HCl pH 8.1, 
150mM NaCl), once with high salt immune complex wash buffer (0.1% SDS, 
1% Triton X-100, 2mM EDTA, 20mM Tris-HCl pH 8.1, 500mM NaCl), once 
with LiCl immune complex wash buffer (0.25M LiCl, 1% IGEPAL-CA630, 1% 
sodium deoxycholic acid, 1mM EDTA, 10mM Tris pH 8.1) and finally two 
washes with TE buffer (10mM Tris-HCl, 1mM EDTA pH 8.0).  
Immunoprecipitates were eluted with elution buffer (1% SDS, 0.1M 
NaHCO3) by incubation at room temperature for 15mins with rotation. Eluates 
were pooled and heated at 65°C for 4 h to reverse the histone-DNA 
crosslinks. DNA fragments were purified once with 500μl 
phenol/chloroform/isoamyl alcohol (25:24:1). The aqueous phase was 
retained and DNA was ethanol precipitated. For the PCR reaction, 1 μl from a 
30-μl DNA extraction was used and 30-35 cycles of amplification were 
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performed with overlapping primers (about 200-500bp apart) spanning as 
much as 3kb upstream of aPKC translation start site (Table 4). 
 
Table 4. Primers used for PCR in ChIP assay  
 
Gene/ Primer Name   Primer sequence (5’ to 3’) 
Actin5C F: CAGATCATGTTCGAGACCTTCA 
 R: TCATGATGGAGTTGTAGGTGGT 
aPKC (coding region) F: CTTTCTGTGCCTACTGCCAGGATC 
 R: CATCTCATAGAGCAAGACGCCTAG 
ChIP-aPKC-F1(1..23) F: TCCCCAACCGTTATTCTAACAC 
ChIP-aPKC-F9 (49..70) F: ACACACACACACACACACACAA 
ChIP-aPKC-F10 (103..124) F: CGCACAAGGCAATAAGAGAAAT 
ChIP-aPKC-R9 (234..255) R: ATGGCTCCACCAAGAGATTAGA 
ChIP-aPKC-F6 (313..334) F: TCAAGTCATTTGATTCCCACAC 
ChIP-aPKC-R1 (436..457) R: CGCAGCAGTACACACTTACACA 
ChIP-aPKC-R6 (444..465) R: ATAGAAAGCGCAGCAGTACACA 
ChIP-aPKC-F11 (497..519) F: GCTATAACAGCCAAAGAGCAGAA 
ChIP-aPKC-R11 (640..661) R: CAACTCTGGTCGTGAGTAGTGG 
ChIP-aPKC-F12 (1075..1096) F: CTCCTCTTACCGTTCGACAAAT 
ChIP-aPKC-R12 (1220..1241) R: TTTGATGCCGTTTGTTAGTCTC 
ChIP-aPKC-F13 (1590..1611) F: TAACGACAAAAGAACGGGTTTC 
ChIP-aPKC-F2 (1740..1761) F: ATTTTTGGGTCATCTGCTCAGT 
ChIP-aPKC-R13 (1740..1761) R: ACTGAGCAGATGACCCAAAAAT 
ChIP-aPKC-F5 (1856..1877) F: ACCGGTCATAATTGTTTTCCAC 
ChIP-aPKC-R2 (1917..1938) R: ACACTGCTAGGGGTCGTTTTTA 
ChIP-aPKC-R5 (2022..2043) R: TATTTCGTTGTGGAAGGAGAGC 
ChIP-aPKC-F19 (2164..2185) F: GTTTCGTGCTGTTTGATTTGTC 
ChIP-aPKC-R15 (2164..2185) R: GACAAATCAAACAGCACGAAAC 
ChIP-aPKC-F3 (2241..2262)  F: AAAGGAACCAGTGTGAGTCGAT 
ChIP-aPKC-F4 (2373..2394)  F: CTGCCTCCACTCTCTCTCTTTC 
ChIP-aPKC-R8 (2393..2414) R: ATAGTGCAACAAATGAGCGAGA 
ChIP-aPKC-R3 (2451..2472) R: TTAATGCCGTACATTGACCAAG 
ChIP-aPKC-F23 (2506..2527) F: GTAAGCGGTGAAAGAAGGAGAG 
ChIP-aPKC-R20 (2521..2541) R: TTTTTACTCCTCGCCTCTCCT 
ChIP-aPKC-F16 (2521..2542)  F: AGGAGAGGCGAGGAGTAAAAAT 
ChIP-aPKC-F20 (2545..2566) F: ACTAATTTGCACACTCGCTTTG 
ChIP-aPKC-R4 (2545..2566) R: CAAAGCGAGTGTGCAAATTAGT 
ChIP-aPKC-F24 (2557..2574) F: ACTCGCTTTGGCGTGCTA 
ChIP-aPKC-R22 (2653..2674) R: CCAAATGCGTAGACGTTGATAA 
ChIP-aPKC-F21 (2686..2707) F: CAACAACAACTACCTGTGGCAT 
ChIP-aPKC-R16 (2686..2707) R: ATGCCACAGGTAGTTGTTGTTG 
ChIP-aPKC-F17 (2728..2749) F: GTATGTGTGTGTGTGCCTCAAA 
ChIP-aPKC-R21 (2728..2749) R: TTTGAGGCACACACACACATAC 
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ChIP-aPKC-F22 (2868..2891) F: TGCTACGACACTTTACAGTTAAGC 
ChIP-aPKC-R17 (2868..2891) R: GCTTAACTGTAAAGTGTCGTAGCA 
Note: Numbers in bracket refers to position upstream of aPKC ATG start site  
i.e. “1” corresponding to 3172bp upstream of aPKC ATG start site. “F” 
denotes forward primer and “R” denotes reverse primer 
 
 
2.3.8 Luciferase Assay 
Drosophila S2 cells cultured in Shields and Sang 3M insect medium 
supplemented with 10% FBS were split a day before transfection and seeded 
at 1.0 x 106 cell density per well in 6-well plates. Cells were transiently co-
transfected with 0.5μg of aPKC promoter-luciferase reporter (pGL3-aPKCpro) 
and varying amounts (0.1 to 0.5μg) of flag-tagged full-length Zif (pAF-zif) 
using Effectene transfection reagents (Qiagen). Luciferase reporter is based 
on the pGL3 basic reporter construct (Promega) with a 200bp fragment of 
aPKC promoter (that binds to Zif) cloned upstream of the luciferase reporter 
gene. The flag-tagged full-length Zif is made by cloning full-length wild type zif 
into an N-terminal 3XFlag tag Gateway destination vector, pAFW (Drosophila 
Genomics Resource Center, DGRC). For normalizing transfection efficiency, 
0.5μg of plasmid encoding the β-galactosidase gene was transfected into 
each well. Cells were collected 40-48h post-transfection, and luciferase 
assays were performed as described in Luciferase Assay System protocol 
(Promega).  
  
2.3.9 In vitro Kinase Assay  
BL21(DE3)pLysS cells were transformed with wild type Zif (ZifWT) or 
non-phosphorylatable Zif (ZifS197, 292A) cloned into an N-terminal His fusion 
vector (Gateway® pDEST17TM). Expression of the His-tagged fusion proteins 
were induced at by adding 1mM IPTG to a culture with OD600. The culture 
was further grown for 4hours at 37oC with vigorous shaking. Fusion proteins 
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extracted were purified using Ni-NTA agarose columns (Qiagen). In vitro 
kinase assays were performed using the non-radioactive Kinase-Glo 
Luminescent kinase assay kit (Promega) as per manufacturer’s protocol. 
Briefly, for each 50 ml reaction, ~2 mg of His-tagged Zif fusion protein was 
incubated with active PKC zeta (Abcam) and 100 mM ATP at 30oC for 1 hour. 
As a specific substrate of PKC, neurogranin (AnaSpec) was used as a 
positive control. The reaction was stopped by adding 50 ml of Kinase-Glo 
Reagent, mixed and incubated at room temperature for 10 minutes. 
Luminescence was determined with Infinite200 Tecan microplate reader 
using the microplate reader software i-controlTM. 
 
2.4 Immunohistochemistry and microscopy  
 
2.4.1 Frequently used reagents and buffers 
PBS (Phosphate 
Buffer Saline) 
130mM NaCl, 7mM Na2HPO4, 3mM NaH2PO4, 
pH 7.5 
PBT PBS, 0.1% Triton X-100 unless otherwise specified 
3.7% formaldehyde 
fixative  
1ml 37% formaldehyde with 9ml PBT. Prepare 
fresh fixative each time.  
TO-Pro3 DNA dye 1:4000-5000 (Molecular Probes) 
  
2.4.2 Antibodies 
The primary antibodies used in this study are as follow:- rat anti-Zif 
(1:2000, generated in this study), guinea pig anti-Dpn (1:1000, J. Skeath, 
Washington University School of Medicine, St. Louis, MO, USA), mouse anti-
Mira (1:50, F. Matsuzaki, Riken Center for Developmental Biology, Chuo-ku, 
Kobe, Japan), mouse anti-Worniu (1:500), rat anti-Elav (1:10, Developmental 
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Studies Hybridoma Bank (DSHB)), mouse anti-Pros (1:10, DSHB), mouse 
anti-CycE (1:10, H. Richardson, Peter MacCallum Cancer Centre, Melbourne, 
Australia), rat anti-phospho-Histone H3 (1:1000, Cell Signaling), rat anti-CD8 
(1:250, Caltag laboratories), mouse anti-dMyc [1:5, B. Edgar, Fred 
Hutchinson Cancer Research Center (FHCRC), Seattle, WA, USA], mouse 
anti-BrdU (1:20, Roche Applied Science), anti-Baz (1:500, A. Wodarz, 
Universitätsmedizin Göttingen, Göttingen, Germany), rabbit anti-PKCζ C20 
(1:500, Santa Cruz Biotechnologies), rabbit anti-Par6 (1:500, J. Knoblich, 
Institute of Molecular Biotechnology GmbH, Vienna, Austria), pre-absorbed 
rabbit anti-Insc (1:1000, Kraut and Campos-Ortega), guinea pig anti-Numb 
(1:1000, J. Skeath), rabbit anti-PON (1:500, Y. N. Jan), rabbit anti-GFP 
(1:500, Molecular Probes), mouse anti-GFP (1:250, Invitrogen), rabbit anti-
S7Numb (1:500, K. Kaibuchi, Nagoya University, Showa, Nagoya, Aichi, 
Japan).  
Secondary antibodies were conjugated to either Alexa-Fluor-488 or 
Alex-Fluor-555 (Molecular Probes) and used at 1/500. DNA stain was TO-
PRO3 iodide (Molecular Probes). 
 
2.4.3 Fixing and staining of Drosophila larval brains 
For immunohistochemistry, brains were fixed for 15 min in 3.7% 
formaldehyde in PBT. The brains were then washed 3-4 times in PBT, 10-15 
mins per wash. Brains were then blocked in 3% BSA (in PBT) for 30mins to 
1hr, and incubated in primary antibody overnight at 4oC, standing. Following 
which, the brains were washed several times in PBT as before and incubated 
with the appropriate Alexa-Fluor conjugated secondary antibody (1:500) for 
1.5-2h at room temperature, gently rocked on nutator. Brains may be stained 
with To-Pro3 (1:4000-5000) in the last change of PBT for 15 min. After 
staining, brains were washed several times in PBT as before and mounted in 
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Vectashield (Vector Laboratories). Images were obtained using a Zeiss LSM 
510 confocal microscope and processed with Adobe photoshop 7.0.1. 
 
2.4.4 Neuroblast quantification and brain orientation 
Quantifications of larval central brain neuroblast numbers were done 
on samples 24 hours to 96 hours after larval hatching (ALH) at 25°C. For 
each genotype, 4- to 6-hour embryo collections were obtained from a bottle 
with 100-200 flies. Embryos were allowed to develop for 20 hours at 25°C 
before hatching. Thereafter, time-course experiments were performed 24 
hours, 48 hours, 72 hours and 96 hours ALH according to the midpoint of the 
4- to 6-hour time window. Around 15-20 larvae from each time point were 
dissected, and stained with anti-Dpn antibody (1:1000). Larval brains were 
mounted with their dorsal side up. Central brain neuroblasts can be 
distinguished from optic lobe neuroblasts on the basis of their medial-
superficial location in the brain, larger size and dispersed pattern.  
 
2.4.5 BrdU labeling 
Dissected larval tissue was given a 40-min pulse of 37.5 μg/ mL BrdU 
in Shields and Sang 3M insect medium. Tissue was then fixed for 15 min in 
3.7% formaldehyde, and DNA denatured with 2 N HCl for 40 min, before 
washing in PBS and incubating with anti-BrdU. Secondary detection was 
performed as for other immunohistochemical assays. 
 
2.4.6 Spindle orientation quantification 
Larval neuroblasts were stained with rat anti-αTubulin (1:250, Abcam) 
and rabbit anti-Insc. Confocal images were captured and were used for 
quantification. One line was drawn parallel to the metaphase spindle 
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(indicated by α-Tubulin) and another line perpendicular to the apical crescent 
(marked by Insc). The angle at which the two lines met was then measured. 
 
2.5 Fly Genetics 
2.5.1 Fly stocks and growth conditions used in this study 
Fly culture and crosses were performed according to standard 
procedures and flies were raised at 25°C unless otherwise indicated. 
Drosophila stocks used in this study includes mutant alleles of zif  that were 
identified from a mosaic analysis with a MARCM screen of EMS mutagenized 
FRT82B males (fed with 26 mM EMS in 1% [w/v] aqueous solution of sucrose 
for 18 h) (W.G. Somers, W. Chia, R. Sousa-Nunes, unpubl.); mts299 (from this 
study); tws60 (T. Uemura, Kyoto University, Yoshida Konoe-cho, Sakyo-ku, 
Kyoto, Japan); Insc-GAL4: P{GAL4}MZ1407 (a gift from J. Urban); Ase-Gal4 
(Y. Lee, University of Massachusetts Medical School, Worcester, MA, USA); 
UAS-Mts, wdbdw and wdbIP (S. Eaton, Max Planck Institute of Molecular Cell 
Biology and Genetics, Pfotenhauerstr, Dresden, Germany); par1Δ16 and UAS-
Par1 (D. St Johnston, Wellcome/CRC Institute and Department of Genetics, 
University of Cambridge, Cambridge, UK); aPKCk06403 (C. Doe, University of 
Oregon, USA, Eugene, OR, USA); GFP-Polo (C. Sunkel, Universidade do 
Porto, Porto, Portugal); UAS-Venus::Polo (from this study); wrdKG01108 wdb12-
1es (T. Megraw, University of Texas SouthWestern Medical Center, Dallas TX, 
USA); UAS-Numb-GFP (Y. N. Jan, UCSF, San Francisco, CA, USA), elav-
GAL4,hs-FLP;UAS-nLacZ,UAS-mCD8::GFP;P{FRT}82B,tubP-GAL80 (Bello 
et al. 2003). The yw stock was used as wild-type control. Zif (CG10267) RNAi 
and PP2A RNAi stocks are from Vienna Drosophila RNAi Center, VDRC 
(Dietzl et al. 2007). Deficiency (3R)BL2393 and all other fly stocks are from 
Bloomington Drosophila Stock Center. Transgenic flies, UAS-Venus::ZifWT, 
UAS-Venus::ZifS197A, UAS-Venus::ZifS197D, UAS-Venus::ZifS197,297A 
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and UAS-Venus::ZifS197, 292D were generated using Gateway Destination 
vector pTVW (DGRC) and constructs were injected by BestGene, Inc.  
 
2.5.2 Generation of positively labeled neuroblast MARCM clones 
 GFP-labeled clones were generated according to the MARCM 
technique reported previously (Lee and Luo 1999). The 3R MARCM driver 
was crossed to mutant stocks carrying FRT82B (day 0) and females left to lay 
for 24 h at 25°C. Lay tubes were heat-shocked for 1.5 h at 37°C on both days 
2 and 3 and further aged for 3 days at 25°C. Wandering third-instar larvae of 
the desired genotype (elav-GAL4,hs-FLP/+;UAS-nLacZ,UAS-
mCD8::GFP/+;P{FRT}82B,tubP-GAL80/P{FRT}82B,mutation) were collected 
on day 6, their brains dissected and processed for immunohistochemistry. 
Clone NBs can be identified by molecular markers and distinguished from 
GMCs (with whom they share these markers) by size, being the largest cell in 
a clone, typically about 12-μm diameter. 
Results:  






A novel zinc finger protein negatively regulates aPKC 
expression to inhibit excess self-renewal of Drosophila 
neural stem cells 
 
3.1 Introduction 
Many components of the neuroblast asymmetric division machinery 
have been identified in zygotic loss of function screens focused on embryonic 
phenotypes. A major limitation of this method is that maternal contribution of 
mRNA/protein will mask the effects of the loss zygotic function of many genes 
during embryogenesis. To avoid maternal contributions, genetic screens 
would need to be conducted in later developmental stages. However, most 
mutations in genes with important roles in development usually do not survive 
past the early stages of embryogenesis. To circumvent early lethality and to 
avoid maternal contributions, postembryonic clones homozygous for mutation 
of interest can be generated using the MARCM (Mosaic Analysis with a 
Repressible Cell Marker; (Lee and Luo, 1999) system via mitotic 
recombination. This method allows the generation of individual homozygous 
mutant neuroblast clones which express membrane-targeted green 
fluorescent protein (GFP) (mCD8-GFP) in an otherwise heterozygous, GFP-
negative background that is phenotypically wild-type (Fig 10). 
With the aim of identifying novel genes involved in neuroblast 
asymmetric division, a systematic genetic mosaic screen based on the 
MARCM system was conducted in third-instar larval (L3) brains for genes on 
chromosome arm 3R (W.G. Somers, W. Chia, R. Sousa-Nunes, unpubl.). As 
localization of the basal components is downstream of correct apical complex 
function, Mira, the obligate adaptor for cell fate determinants Pros and Brat 
Results:  





was chosen as a read out for mutations which affect neuroblast asymmetry. 
As reviewed in the Introduction (Chapter 1), basal targeting components, cell 
fate determinants and even components of cell division machinery can 
impinge on neuroblast asymmetric division to cause an imbalance in the self-
renewal of neuroblasts versus differentiation into GMCs. In this aspect, the 
MARCM approach has an added advantage in that novel tumor suppressors 
and proliferation factors/proto-oncogenes involved in self-renewal of 
neuroblasts can also be readily identified by an excess or a lack of 
proliferation within the clones. Here I describe one of the mutants that exhibits 
neuroblast asymmetric division defects. Manuscript of this work is currently 
under review for Dev. Cell. 
 
 
Figure 10. Mosaic Analysis with a Repressible Cell Marker (MARCM; 
Lee and Luo, 1999). Males from the EMS-induced mutant stocks (carrying 
FRT insertions) are crossed with virgin females of 3R MARCM driver (Elav-Gal4 
hsFLP; UAS-CD8::GFP; FRT82B Tub-Gal80/Tm6B, Tb, Hu) to generate 
neuroblast clones in L3 brains. Asterisk (*) indicates single-point mutation 
induced by EMS. Larvae of F1 progeny are heat shocked for 2 hours at 37°C on 
the first and second day after larval hatching to induce mitotic recombination. 
GFP-labeled homozygous mutant neuroblast clones are allowed to grow till L3 
larval stage. Non-tubby larvae with ‘GFP spots’ (indicating successful generation 
of MARCM clones) are selected for dissection, then fixed and incubated with the 
appropriate antibodies to visualize neuroblast lineage in the clones. 
Results:  






3.2.1 Identification of a novel zinc-finger protein with a role in 
regulating neuroblast asymmetry 
From this clonal screen, three ethlymethane sulfonate (EMS)-induced 
mutants (1L15, 2L745 and 2L497) belonging to a single complementation 
group were recovered. Neuroblast MARCM clones of all three recessive lethal 
mutants generated in third instar larval brains revealed severe delocalization 




Mapping of the mutations in these three alleles (by complementation 
with deficiency stocks and sequencing) uncovered single-point mutations 
resulting in premature stop codons in a novel gene – CG10267 (flybase ID 
Figure 11. Disruption of a novel gene causes ectopic Miranda 
persistence. Neuroblast (NB) MARCM clones in third-instar larval (L3) 
brains of three EMS-induced mutants from a single complementation 
group are labeled with GFP and further stained with Mira. Mutants 
show severe Mira delocalization throughout the cortex of progeny cells 
from a single mutant neuroblast lineage. This is in contrast to the 
phenotype of the wild type clone – a single mitotic neuroblast 
expressing Mira crescent while the rest of the progeny cells are Mira-
negative. Note: The NB is the largest cell in the clone. Scale bar, 10μm 
Results:  





FBgn0037446); cytologically located at 83E8 with a sequence location of 
3R:2282876..2284545. It encodes a C2H2-type zinc-finger protein which will 
be referred to as zif from now on. zif has a predicted coding region of 1164bp 
which translates into a 388 amino acid-long polypeptide (Fig12).. All three 
loss-of-function zif alleles display similar phenotypic severity (and are later 
confirmed to be antigen-minus; Fig16). Sequencing revealed that the 
mutation in zif1L15 causes the most upstream premature stop codon compared 
to the other two alleles. Since zif1L15 results in the shortest wild type Zif 
translation product, it is presumably the strongest EMS allele. Therefore, 
subsequent analyses of the phenotype were carried out using zif1L15 allele, 










zif CDS (1164bp) 
Zif protein (388aa) 
zif mRNA (1450bp) 
Figure 12. Schematic of zif locus and depiction of molecular lesions 
in zif1L15, zif2L745 and zif2L497. zif has a gene span of 1670bp that is 
transcribed to a 1450bp-long mRNA transcript with four exons and three 
introns. (UTR) Untranslated region (grey box); (cds) coding sequence 
(blue box). zif is translated into a 388 amino acids-long zinc-finger protein 
with two conserved domains - a zinc finger-association domain (for 
dimerization) at the N-terminus and five C2H2-type zinc fingers (for DNA 
binding) at the C-terminus. Asterisk (*) refers to the site of single-point 
mutation causing a premature stop codon in the three loss-of-function 
alleles of zif respectively. 
Results:  





3.2.2 Disruption of zif leads to excess neuroblasts in larval brain 
clones 
Larval brain neuroblasts can be identified by the expression of 
neuroblast markers such as Mira and Deadpan (Dpn) and by the absence of 
neuronal marker, Embryonic Lethal Abnormal Vision (ELAV) and nuclear Pros 
(Betschinger et al., 2006; Lee et al., 2006b; Lee et al., 2006c). In a typical wild 
type neuroblast MARCM clone, there is usually one large Dpn-positive 
neuroblast expressing Mira as a cortical crescent during mitosis while the rest 
of the ELAV-positive progeny cells are devoid of Dpn and Mira expression.  
However, in neuroblast MARCM clones of zif mutants, not only is Mira 
unevenly distributed throughout the cell cortex of almost every cell, further 
analysis of the zif mutant clones by immunohistochemical detection of Dpn 
and ELAV indicates an excess of Mira- and Dpn-positive neuroblast and/or 
neuroblast-like cells (Fig 13) at the expense of ELAV-positive and nuclear 
Pros-expressing neurons (Fig 13 and 14).  
Lately, it has been shown that transit-amplifying intermediate 
progenitor cells exist in Asense (Ase)-negative dorsomedial (DM)/posterior 
Ase-negative (PAN) neuroblast lineages, but not Ase-positive non-DM 
neuroblast lineages in the larval brain (Bello et al., 2008; Boone and Doe, 
2008; Bowman et al., 2008). Figure 15 shows that the neuroblast overgrowth 










































Figure 13. Zif inhibits excess neuroblast self-renewal. (A’-F’) NB 
MARCM clones marked by CD8-GFP in L3 brains. Note: NB is the largest 
cell in the clone. In zif1L15 clone there is conversion of GMCs into NB-like 
cells, thus the presence of multiple Dpn-positive NB-like cells per clone. (A 
and B) Blue channel extracted from A’ and B’, respectively. (C-F) Red 
channel extracted from C’-F’ correspondingly. (A’) Compared to wild-type 
clone which usually only has one to two Dpn-expressing cells, (B’) zif1L15 
clone has an excess of Dpn-expressing NB and/or NB-like cells, (C’) but 

































































Figure 14. Zif acts to suppress excess neuroblast self-renewal and 
promote neuronal differentiation. NB MARCM clones marked by CD8-
GFP in L3 brains. Compared to wild-type clone with usually a single Dpn-
positive NB per clone, zif1L15 clone produces an excess of Dpn-expressing 
NB and/or NB-like cells at the expense of ELAV-expressing neurons. Note: 
NB is the largest cell in the clone. In zif1L15 clone there is conversion of 
GMCs into NB-like cells, hence the presence of multiple Dpn-positive NB-
like cells and correspondingly few differentiated ELAV-expressing neurons 
per clone. Scale bars, 10μm 
 
Results:  








Figure 15. Zif inhibits excess neuroblast self-renewal in both 
Asense(Ase)-positive non-dorsomedial (DM) and Ase-negative DM 
neuroblast lineages. (A-D) NB MARCM clones marked by CD8-GFP; NB 
is the largest cell in the WT clone (Arrow). In zif1L15 clone there is conversion 
of GMCs into NB-like cells. (A’-D’) Blue channel extracted from A-D, 
respectively. Compared to (A and C) WT, excess Dpn-positive neuroblast-
like cells are observed in both (B) non-DM and (D) DM neuroblast lineages 










3.2.3 Subcellular localization of endogenous Zif  
 To observe the localization of Zif, polyclonal antibodies raised against 
the full-length Zif were generated in different species of animals (rats and 
guinea pigs). These antibodies specifically recognize Zif as seen by the 
absence of staining in homozygous zif mutant tissues (Fig 16). The 
subcellular localization of Zif detected by these antibodies is identical – zif is 
nuclear during interphase and throughout the neuroblast after nuclear 
envelope breaks down during mitosis (Fig 17).  This nuclear localization of 
endogenous Zif is recapitulated by an inducible construct of Venus-tagged 
full-length Zif (UAS-Venus::zifWT) expressed using neuroblast drivers elav-





















Figure 16. Polyclonal antibody against full-length Zif specifically 
recognizes Zif. zif1L15 NB MARCM clone in L3 brain; clone is labeled 
with GFP and brain is further stained for Zif. Panels on the left show red 
channel (Zif) extracted from the panels on the right (Zif and GPF 
merged). Scale bars, 10μm 
Results:  

































Figure 17 Sub-cellular localization of Zif in third-instar larval brain 
recapitulated by an inducible Zif transgene. (A) Immunohistochemical 
staining of Zif in L3 brain. Zif is mainly nuclear in interphase neuroblast 
(NB) and throughout the cell after nuclear envelope breakdown. Insc 
(green) is a NB marker. (B) Venus-tagged full-length Zif driven by NB 
driver Insc-GAL4. Venus::Zif has the same subcellular localization as that 
observed with anti-Zif antibody; nuclear localization in interphase NBs and 
throughout the NB after nuclear envelop breakdown. (C) 
Immunohistochemical staining of Zif in S2 cells reveals similar sub-cellular 
localization pattern as in NB – nuclear in interphase cells (arrowhead) and 
throughout the cytoplasm in mitotic cells (arrow), here the two cells are in 











3.2.4 Zif transgene fully rescues defects in zif mutant neuroblasts 
  
To ensure that mutant phenotype observed in zif is indeed due to 
compromised zif function, the Venus::ZifWT full-length fusion protein is 
expressed in zif mutant MARCM clones using neuroblast driver elav-Gal4. 
Figure 18 shows that not only are the excess of neuroblast self-renewal 
phenotype of zif mutant clones fully rescued (Fig18a); wild type localization of 
Mira is also restored (Fig 18b). These genetic rescue results together with the 
absence of Zif staining in zif mutant clones confirms that loss of Zif function is 
responsible for the neuroblast overgrowth phenotype, and that zif1L15 is a null 
allele. 
 
3.2.5 Asymmetric localization of aPKC and Numb/Pon requires Zif 
function 
 
The ectopic expression of Mira and the excess of Dpn-expressing 
neuroblasts in zif mutant clones are reminiscent of neuroblast MARCM clones 
homozygous for mutations in basal targeting components (e.g. Mira) and cell 
fate determinants such as Pros and Brat (Fig 19). As reviewed in Chapter 1 
Introduction, these regulators of asymmetric cell division also act as tumor 
suppressors to inhibit excess neural stem cell self-renewal that could lead to 
stem cell-induced tumor if allowed to overproliferate. The observation of 
excess neuroblast-like cells in zif mutant neuroblast MARCM clone made me 
wonder if the cause of this aberrant stem cell self-renewal phenotype is linked 
to defects in asymmetric cell division as well. To test this hypothesis, I 
checked the expression and localization of key regulators of neuroblast 
asymmetric cell division in zif mutants. 
Results:  



























































Figure 18 Venus-tagged full-length Zif fusion protein fully rescues 
neuroblast overgrowth phenotype of zif mutant brains. NB MARCM 
clones in L3 brains; clones are labeled with GFP and brains are further 
stained for NB markers Dpn and Mira, and the marker for differentiated 
neurons, ELAV. Expression of wild type full-length Zif in zif1L15 mutant clone 
restores A) wild-type number of NB per clone – from multiple Dpn-
expressing NB-like cells to single Dpn-expressing NB per clone, and also 
fully rescues B) wild-type localization of Mira – from cortical Mira throughout 
cells in the clones to basally-localized Mira crescent in a single NB per 











B elav-GAL4/+; UAS-Venus::ZifWT, UAS-CD8::GFP; zif1L15/ zif1L15 zif
1L15 
Results:  




















As suspected, (other than the mislocalization of Mira) more than one 
asymmetric cell division regulators from both the apical and basal groups are 
adversely affected. aPKC localization in mitotic neuroblasts is affected in 
varying degrees of severity, and so is the localization of cell fate determinant 
Numb and its adapter protein PON (Fig 20). As a positive regulator of 
neuroblast stem cell self-renewal and a key player in asymmetric cell division, 
the mislocalization of aPKC in zif mutants (extended or weak crescents, 
cortical puncta and even cytoplasmic) are potential error triggers that can set 
the stage for the various aberrant modes of asymmetric cell division to take 
place (Refer to Fig 7). It is conceivable that the failure of aPKC to 
asymmetrically localize in zif mutants might cause many components of the 
basal-targeting machinery to fail to be restricted to the basal side. 
Consequently, cell fate determinants such as Numb are not sequestered to 
the GMCs instead it is distributed to both daughter cells causing both to adopt 
a stem cell-like fate, thereby resulting in an excess of neuroblast-like cells in 
zif mutant clones generated in L3 larval brains. 
 
Figure 19. Mutants of cell fate determinants exhibit neuroblast 
overgrowth phenotype. NB MARCM clones in L3 brains homozygous for 
mutations in pros, brat and numb (outlined with white dotted line) are stained 
with the neuroblast marker, Mira (red). NBs in these mutant clones undergo 
hyper-proliferation through excessive NB self-renewal, hence the massive 
mutant clones that resemble stem-cell induced tumors. 
Results:  



































Figure 20. Zif regulates asymmetric localization of aPKC, Numb and 
PON. (A-L) NB MARCM clones in L3 brains labeled with CD8::GFP and 
further stained for asymmetric cell division proteins on the apical domain 
(aPKC; A-D) and basal domain (Numb; E-H and PON; I-L). PH3 identifies 
cells undergoing mitosis. In zif1L15 clones, (B-D) aPKC is severely 
mislocalized in mitotic NBs. (F-H) Numb and (J-L) PON are also adversely 
affected as shown by the various mutant phenotypes observed (indicated 
below each panel). In contrast, wild-type clones usually have one NB 
expressing (A) aPKC, (E) Numb, or (I) PON as strong cortical crescents. 
Scale bars, 10μm 
I J K L
Results:  





 To confirm that the mislocalization of aPKC is a major contributor to 
the excess of neuroblast-like cells observed in zif mutant, neuroblast MARCM 
clones homozygous for zif mutant were generated in a background 
heterozygous for aPKCk06403 mutation (i.e. only one functional copy of aPKC 
remains). Results from this genetic analysis shows that by compromising 
aPKC function, the neuroblast overgrowth phenotype of zif was significantly 
suppressed (Fig 21). This strongly suggests that Zif may inhibit excess 














































Figure 21. Zif acts upstream of aPKC to suppress excess neuroblast 
self-renewal. (A’, B’, C’) NB MARCM clones in L3 brains marked by GFP 
and further stained with Mira and Dpn. (A, B, C) Red channel extracted 
from A’, B’, C’, respectively. (C’) Removal of one copy of aPKC 
significantly rescues neuroblast overgrowth phenotype of (B’) zif mutant 
such that it resembles (A’) wild-type after rescue. (D) Quantification of 
number of Dpn-expressing NBs per clone in wild-type (n=40), zif1L15 (n=34) 
and aPKC+/-; zif1L15-/- (n=15) clones where one copy of aPKC is removed. 











On the other hand, to formally examine the genetic interaction 
between Zif and Numb in preventing excessive neuroblast self-renewal, an 
inducible transgene of Numb was expressed in zif mutant clones using 
neuroblast driver ELAV-Gal4. As expected, neuroblast overgrowth phenotype 
was effectively rescued by overexpression of Numb-GFP in zif mutants (Fig 
22). These data suggest that Zif is likely to suppress excess neuroblast self-
renewal through Numb asymmetry/ function possibly through modulating 















































Figure 22. Numb overexpression suppresses the neuroblast 
overgrowth phenotype of zif mutant. (A’, B’, C’) NB MARCM clones in 
L3 brains marked by GFP and further stained with Mira and Dpn. (A, B, C) 
Red channel extracted from A’, B’, C’, respectively. (C’) Overexpression of 
Numb in zif clones suppresses the neuroblast overgrowth phenotype of 
(B’) zif mutant such that it resembles (A’) wild-type after rescue. D) 
Quantification of number of Dpn-expressing NBs per clone in wild-type 
(n=40), zif1L15 (n=34) and UAS-Numb-; zif1L15-/- (n=31) clones where Numb 















3.2.6 Zif represses aPKC transcription and downregulates aPKC 
protein expression 
As mentioned earlier, the protein architecture of Zif indicates that it 
has DNA-binding ability through its five C2H2-type zinc fingers at the N-
terminus. This made me wonder if Zif may directly modulate transcript 
abundance of any of the asymmetric cell division proteins to impinge on the 
balance between neuroblast self-renewal and differentiation into neurons/glial 
cells. Using real-time polymerase chain reaction (RT-PCR), I ascertain the 
levels of transcript abundance of all the major regulators of asymmetric cell 
division in zif/Df2393 transheterozygous mutant (Fig 23C). The RT-PCR 
results revealed a dramatic increase in aPKC transcript levels in vivo when Zif 
function is compromised (Fig 23A). Having ascertained that Zif is express in 
Drosophila Schneider (S2) cells (Fig17C), I repeated RT-PCR in S2 cells after 
RNA interference (RNAi) knockdown of zif by double-stranded RNA (dsRNA), 
the result also showed a decrease in aPKC transcript level upon Zif 
knockdown in S2 cells (Fig 23B). These in vivo and cultured cell results 
suggest that Zif represses aPKC expression possibly through negative 
regulation of aPKC transcription. 
Next, I wanted to determine if the upregulation of aPKC transcript 
abundance is also reflected in the level of aPKC protein expression in vivo 
and in vitro. Because zif/Df2393 transheterozygous mutant do not survive 
past embryonic stage, it was technically difficult to obtain sufficient protein 
lysate for Western analysis. To circumvent this technical difficulty due to early 
lethality of zif mutant, I attenuated Zif function to the lowest possible level in 
vivo by driving an inducible zifRNAi in a heterozygous zif mutant background 
using the Insc-GAL4 driver at 29oC. This strategy allows attenuation of Zif 
function in vivo without compromising survival till L3 stage, thereby allowing 
sufficient protein extract to be harvested easily.  
Results:  




































Figure 23. Zif represses aPKC transcript abundance in vivo and in S2 
cells (A-C) Effects of compromised zif function on the transcript abundance 
of key regulators in neuroblast asymmetric division quantified using RT-
PCR. aPKC transcript levels are significantly up-regulated in (A) 
zif1L15/Df2393 embryos and in (B) S2 cells upon zif knockdown by dsRNA 
compared to wild-type or control, as opposed to the (C) other asymmetric 
cell division genes where transcript abundance in zif1L15/Df2393 is 
comparable to that in WT. Changes in transcript levels of the asymmetric 
cell division genes normalized against loading control (GAPDH) are 
quantified and represented in the following ratios: (A) wt: zif1L15/Df2393 = 1: 
2.40 (B) control: zif dsRNA = 1: 1.3 (C) wt: zif1L15/Df2393 for aPKC = 1: 
2.40; for mts = 1:1.27 ; for flfl = 1:1.19 ; for polo = 1:0.89 ;for aurA = 1: 0.94; 
for lgl = 1:1.23; for par6 = 1: 0.84; for baz = 1:1.25; for cdc42 = 1:1.10 ; for 
dap160 = 1:1.04 ; for pins = 1:1; for numb = 1: 1.19 ; for PON = 1: 0.98; for 












  Consistent with the RT-PCR results, Western analysis of RNAi-
attenuated zif mutant showed a dramatic increase in aPKC protein levels in 
comparison to those of wild-type L3 brains (Fig 24A). Similarly, Zif knockdown 
in S2 cells also leads to a significant increase in aPKC protein levels 
compared to control (Fig 24B). Taken together, these in vivo and in vitro data 
strongly suggest that Zif acts as a repressor of aPKC transcription to 
negatively regulate aPKC protein expression levels. 
Several studies have shown that before Numb can localize 
asymmetrically, phosphorylation by aPKC at multiple evolutionarily conserved 
sites including Serine (S)52 of Numb (corresponding to S7 in murine Numb) 
needs to occur (Lee et al., 2006b; Smith et al., 2007). To examine if the 
upregulation of aPKC protein levels results in a corresponding increase in 
aPKC activity, I probed the protein extracts from S2 cells after RNAi 
knockdown of zif with anti-pS7Numb antibody which recognizes 
phosphorylation of Numb by aPKC at S52. Results from Western analysis 
showed an upregulation of Numb phosphorylation after zif knockdown in S2 
cells (Fig 24C), suggesting that the excess of aPKC proteins when Zif 
function is compromised is indeed active aPKC, at least in terms of its ability 
to phosphorylate Numb. 
 
3.2.7 Zif directly represses aPKC transcription to inhibit excess 
neuroblast self-renewal 
 Since molecular and biochemical data as well as analysis of genetic 
interaction between zif and aPKC strongly suggest that Zif represses aPKC 
expression, I wonder if Zif is directly involved in transcriptional repression of 
aPKC. To test this hypothesis, chromatin immunoprecipitation (ChIP) assay 
was performed in S2 cells to determine whether Zif could associate with 
potential cis-regulatory elements in the promoter region of aPKC. Due to a 
Results:  





lack of published data on aPKC promoter, overlapping primer pairs of about 
200-500bp apart spanning as much as 3kb upstream of the translation start 


























Figure 24. aPKC protein abundance is regulated by Zif. Western blot 
analyses show that aPKC protein expression is dramatically increased in 
(A) L3 brains of RNAi-attenuated zif mutant and in (B) S2 cells after RNAi 
knockdown of zif. (C) Western blot of control and S2 cells after RNAi 
knockdown of zif, probed with anti-pS7Numb antibody shows that 
phosphorylation of Numb by aPKC is increased after zif knockdown. 
Changes in protein levels of (A and B) aPKC and (C) pS7Numb normalized 
against loading control (α-Tubulin) are quantified and represented in the 
following ratios: (A) wt: insc-zifRNAi, zif1L15 = 1: 5.54; (B) control: zif dsRNA 










As shown in Figure 25, in contrast to anti-GFP (control), anti-Zif 
antibody could immunoprecipitate a region of about 500bp upstream of the 
ATG-start site from the lysate of untransfected S2 cells. The overlapping 
primers allowed me to narrow this putative Zif-binding site to approximately 
























Figure 25. Zif associates with the aPKC promoter. Schematic 
representation of the putative aPKC promoter region (light blue) starting from 
3kb upstream of translation start site (yellow arrow). (A-I) S2 cells were 
analyzed by chromatin immunoprecipitation (ChIP) with Zif antibody and 
GFP antibody (control), respectively. To examine whether Zif can associate 
with aPKC promoter, PCR (35 cycles) was performed by using aPKC 
promoter-specific primers (Material and Methods). These overlapping 
primers designed to cover the 3kb putative aPKC promoter region are 200-
500bp apart, as represented by the overlapping grey, pink and red lines. 
Input refers to sonicated S2 cell supernatant after cross-linking, before 
immunoprecipitation. (A, B) Represent PCR results using primers that span -
1kb to -3kb region that did not yield any PCR product, suggesting that Zif did 
not bind to DNA fragments in this region of the aPKC promoter (grey lines). 
(C-H) Represent PCR results using overlapping primers that are 1kb 
upstream of ATG start site. Pink lines indicate weak bands, suggesting that 
Zif-binding site is around that region of aPKC. Red lines indicate strong 
bands suggesting that Zif binds strongly to that region of aPKC. The specific 
bands containing aPKCpro (putative Zif-binding sites) are indicated by the 
arrows (I) PCR results from negative controls using actin-specific primers 
and primers specific to aPKC coding region indicates that the ChIP 
procedure is specific. 
I 
Results:  





  To examine whether Zif suppresses aPKC expression directly through 
this 200bp putative cis-regulatory region upstream of aPKC translation start 
site (termed as “aPKCpro” hereafter), luciferase assays were performed. The 
200bp aPKCpro was cloned upstream of a minimal promoter driving the firefly 
luciferase reporter gene (pGL3-aPKCpro). S2 cells were transiently co-
transfected with Flag-tagged full-length Zif (Flag::Zif) and pGL3-aPKCpro. 
Figure 26 shows that compared to S2 cells transfected with pGL3-aPKCpro 
alone, there is a 3 to 7 fold decrease in the relative luciferase activity in the 
presence of increasing amount of Flag::Zif. Taken together, these data 
confirm that Zif can directly repress aPKC expression through the 200bp 






















Figure 26. Luciferase assay demonstrates that Zif directly 
suppresses aPKC expression. Transcriptional assay in S2 cells shows 
a downregulation of the pGL3-luciferase reporter coupled with aPKCpro 
by increasing amounts of Zif. The relative luciferase activity was 
normalized to β-galactosidase activity. Note: aPKCpro is a 200bp region 
about 500bp upstream of aPKC translation start site. Statistical analysis 
was done by t-test; p<0.05 is denoted by * and p<0.01 is denoted by **. 
Results:  





3.2.8 aPKC phosphorylates Zif 
As discussed in sections 3.2.5 and 3.2.6, the excess neuroblasts 
and/or neuroblast-like cells observed in zif mutant clones is most likely a 
consequence of increased aPKC levels which can directly promote neuroblast 
self-renewal. In most regulatory networks involving proteins where slight 
changes in expression levels above or below threshold can have potent 
effects on the organism, there exist some form of reciprocal feedback 
mechanisms to maintain their levels within a narrow optimal range. Since 
aPKC is a potent positive regulator of neuroblast self-renewal, it seems like a 
potential candidate for such feedback mechanism to exist for maintaining its 
expression levels within an acceptable range. I have shown that Zif is a 
negative regulator of aPKC expression to inhibit excess neuroblast self-
renewal. Given the vital role of aPKC as a kinase, it seems plausible that 
aPKC may phosphorylate Zif to invoke potential regulatory mechanism to 
maintain aPKC levels. 
To test whether aPKC phosphorylates Zif, I first ascertain if distinct 
post-translationally modified forms of Zif exist. Two-dimensional 
polyacrylamide gel electrophoresis (2-D PAGE) was performed on proteins 
extracted from S2 cells followed by Western blot against Zif.  As shown in 
Figure 27A, endogenous Zif exists in two states differing in their net charges. 
The majority of Zif belongs to a less negatively-charged state while a smaller 
proportion of endogenous Zif appears to have more acidic residues (i.e. more 
negatively-charged). Interestingly, this more negatively-charged state of Zif is 
abolished after RNAi knockdown of aPKC in S2 cells (Fig 27B). These results 
confirm that Zif exists in more than one post-translationally modified state and 
also suggest that kinase activity of aPKC could potentially be involved in this 
modification since phosphorylation is one way that Zif could gain negative 
charges. 
Results:  


































Figure 27. Zif exists in two distinct post-translationally modified 
states. Two-dimensional polyacrylamide gel electrophoresis (2-D PAGE) 
analysis of proteins extracted from S2 cells (A) before (control) and (B) 
after RNAi knockdown of aPKC (aPKC dsRNA) followed by Western Blot 
(WB) against anti-Zif shows that endogenous Zif exists in two distinct 
states. The more acidic/negatively-charged state is abolished in the 
absence of aPKC. 
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  Using a kinase-specific phosphorylation site prediction program (Xue 
et al., 2008), two putative aPKC phosphorylation sites (serine 197 and serine 
292) were identified in Zif (Fig 28A). To examine if the abolishment of the 
more acidic group of Zif is due to a loss of phosphorylation by aPKC, I probed 
the protein extracts from S2 cells after RNAi knockdown of aPKC with a 
phospho-specific antibody anti-pS197Zif, which recognizes phosphorylation of 
Zif at S197. True to the prediction from 2-D PAGE analysis, Western analysis 
revealed a significant loss; if not an abolishment of Zif phosphorylation after 
aPKC knockdown in S2 cells (Fig 28B). Furthermore, a dramatic reduction in 
the levels of phosphorylated Zif is also observed in the Western blot of 
aPKCk06403 mutant L3 brain tissues probed with anti-pS197Zif antibody (Fig 
28C). Taken together, these biochemical data strongly suggest that aPKC is 
involved in the phosphorylation of Zif in vitro and in S2 cells. 
To verify that aPKC can directly phosphorylate Zif, kinase assay 
showed that ZifWT but not ZifS197, 292A, in which S197 and S292 were 
mutated to non-phosphorylatable alanine, was readily phosphorylated by full 
length human PKC zeta (homolog of Drosophila aPKC) in vitro (Fig 29). This 
result not just confirms that Zif is a substrate of aPKC, more importantly; it 
demonstrates that Zif S197 and Zif S292 are aPKC phosphorylation sites. 
 
3.2.9 Nuclear localization of Zif depends on its phosphorylation state 
To test for a functional role of S197 and S292 phosphorylation, I 
mutated these two putative aPKC phosphorylation sites in Zif. The 
phosphomimetic form of Zif was made by mutating S197 and S292 to 
phospho-mimetic aspartate residues (S197D, S292D) while the non-
phosphorylatable form of Zif was generated by mutating the same serine 
residues to non-phosphorylatable alanine residue (S197A, S292A). Both 
phospho-mutant forms of Zif were fused to Venus (UAS-Venus::zifS197, 
Results:  





292D and UAS-Venus::zifS197, 292A) and expressed in larval neuroblasts 
























































Figure 28. aPKC regulates Zif phosphorylation in S2 cells and in 
larval brains.  
(A) Schematic representation of the two putative aPKC phosphorylation 
sites (serine 197 and serine 292) in Zif. (B and C) Western blot analyses 
probed with anti-pS197Zif show that Zif phosphorylation (p-S197Zif) is (B) 
abolished after aPKC knockdown in S2 cells by dsRNA, and (C) 
significantly reduced in homozygous L3 brain tissues from a hypomorphic 
allele of aPKC. 
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The strong nuclear localization of Venus::ZifS197, 292A (Fig 30B) is 
reminiscent of wild type Venus::ZifWT, though some Venus::ZifWT is also 
observed in the cytoplasm (Fig 30A). In contrast, Venus::ZifS197, 292D was 
completely excluded from the nucleus of interphase neuroblasts (Fig 30C). 
This striking difference in the sub-cellular localization of the distinct 
phosphorylation states of Zif is further confirmed by immunohistochemical 
staining with the polyclonal anti-Zif antibody. Interestingly, mutation at S197 
alone did not yield the same striking difference in the sub-cellular localization 
of the two different phosphorylation states. In fact, both Venus::ZifS197D and 
Venus::ZifS197A have similar localization pattern to that of Venus::ZifWT in 
neuroblasts (Fig 30D and 30E). These observations clearly show that the 
sub-cellular localization of Zif is regulated by its aPKC-dependent 
Figure 29 aPKC can directly phosphorylates Zif. In vitro kinase assay 
shows that zeta PKC is able to phosphorylate ZifWT (wild type Zif) but not 
ZifSA (mutated Zif where serine at amino acid 197 and 292 are both 
mutated to non-phosphorylatable alanine). Note: The greater the amount of 
phosphorylation, the lesser the relative luciferase activity. Kinase assay was 
performed in the presence of 100μM ATP and incubated for 1h at 30oC. As 
a specific substrate of PKC, neurogranin act as a positive control. 
Results:  





phosphorylation state, and that phosphorylation at S292 is especially crucial 



































































Figure 30. Nuclear localization of Zif is dependent on its 
phosphorylation state. Pan-neuronal driver Insc-GAL4 driving inducible 
transgene of Zif phospho-mutants in L3 NBs. WT refers to wild-type form 
of Zif. S197A and S197,292A refer to non-phosphorylatable form of Zif at 
position 197 or 197 and 292, respectively. S197D and S197,292D refer 
to phospho-mimetic form of Zif at position 197 or 197 and 292, 
respectively. (A-E) Green channel extracted from A’-E’, showing sub-
cellular localization of the different forms of Venus-tagged fusion Zif. (A) 
Wild-type Zif is localized mainly to the nucleus of interphase NB, and 
becomes cytoplasmic after nuclear envelop breakdown in mitotic cells. 
(B) Non-phosphorylatable form of Zif mutated at both serine (S)197 and 
serine (S)292 (ZifS197,292A) shows very strong nuclear localization 
pattern (arrows). (C) Phospho-mimetic form of Zif mutated at S197 and 
S292 (ZifS197,292D) is excluded from the nucleus of interphase NBs 
(arrows) as well as GMCs. However, single site mutation at S197 did not 
yield the same striking localization difference. Both Venus-tagged form of 










3.2.10 Non-phosphorylatable form of Zif inhibits excess neuroblast self-
renewal  
Results from ChIP and Luciferase assays showed that Zif is directly 
involved in the repression of aPKC expression. Its protein architecture (five 
C2H2-type DNA-binding zinc fingers) and nuclear localization further 
strengthens the notion that Zif acts as a negative transcriptional regulator of 
aPKC. With the discovery that nuclear localization of Zif is inhibited by aPKC-
phosphorylation, it seems likely that the ‘active’ form of Zif required to 
negatively regulate aPKC transcription is the non-phosphorylated form (i.e. 
ZifS197, 292A).  
To test this hypothesis, both inducible transgenes of ZifS197, 292D 
and ZifS197, 292A were expressed in zif mutant MARCM clones using the 
neuroblast driver elav-Gal4 to ascertain which of these phospho-mutants 
would be able to genetically rescue the zif mutant phenotype. As expected, 
the non-phosphorylatable form of Zif (ZifS197, 292A) can fully rescue the Mira 
localization defects and the excess Dpn-positive neuroblast and/or 
neuroblast-like cells associated with zif mutant clones (Fig 31A and 31C). On 
the other hand, expressing ZifS197, 292D in zif MARCM clones could not 
rescue the zif mutant phenotype. Besides having more than one Dpn-positive 
expressing cell, the Mira mislocalization pattern throughout the cell cortex 
with frequent spots of concentrated Mira puncta is very much reminiscent of 
zif mutants (Fig 31B and Fig 31D). Consistently, to attest to the functional 
importance of S292 phosphorylation, expression of both phospho-mutant 
forms with single site mutation - ZifS197A or ZifS197D, in zif mutant MARCM 
clone did not show any difference in the genetic rescue experiment. Both 
forms seem to be able to suppress zif mutant phenotype possibly due the fact 
that they act very much like ZifWT, further supporting the notion that 
phosphorylation at S197 site may not be as critical as that at S292. 
Results:  



























































Figure 31. Non-phosphorylatable form of Zif but not the 
phosphomimetic form inhibits excess neuroblast self-renewal. (A’-
D’) Overexpression of ZifS197, 292A or ZifS197, 292D in zif mutant 
MARCM clone outlined with GFP and further stained with Mira (A’ and B’) 
or Dpn (C’ and D’) and DNA. (A-D) Red channel extracted from A’-D’. (A 
and C) ZifS197, 292A is able to rescue Mira mislocalization and excess 
of NBs in zif mutant phenotype (B and D) while overexpression of 
ZifS197, 292D did not rescue. 



































Taken together, these observations from the sub-cellular localization 
of the phospho-mutant forms of Zif and genetic rescue experiments allow me 
to conclude that the non-phosphorylated form of Zif, especially at S292, is 
responsible for repressing aPKC expression to mediate proper asymmetric 
cell division and appropriate levels of neuroblast self-renewal. 
 
3.3 Discussion 
3.3.1 Role of Zif in neuroblast self-renewal and neuroblast asymmetry  
 In this study, I identified and characterized Zif as a novel zinc finger 
protein involved in the regulation of neuroblast asymmetry and neuroblast 
self-renewal. Using clonal analysis and rescue assays, I demonstrated the 
importance of zif in self-renewal of neuroblasts. When zif function is 
disrupted, the ability to differentiate is greatly compromised. zif mutant 
neuroblasts continue to self-renew at the expense of differentiated neurons as 
indicated by the excess of Dpn-expressing neuroblast-like cells, and a loss of 
differentiated neurons (ELAV-positive and nuclear Pros-expressing cells) in 
MARCM clones of zif mutant neuroblast.  
In addition to its role in neuroblast self-renewal, I also observed that 
the loss of Zif function causes severe mislocalization of Mira (uneven 
distribution throughout cell cortex) - a phenotype that is also common in 
mutants of tumor suppressors that not just inhibit excess neuroblast self-
renewal (e.g. pros, brat and numb) but also play a role in neuroblast 
asymmetric division (Bello et al., 2006; Betschinger et al., 2006; Wang et al., 
2006). Indeed, I observed that compromised Zif function also causes an 
increased frequency of aPKC delocalization (weak crescents, cortical puncta 
and even cytoplasmic) in mitotic neuroblasts  
To date, Drosophila aPKC is the only known player involved in 
neuroblast asymmetric division that not just regulates neuroblast cell polarity 
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but also directly promotes self-renewing capacity of neural stem cells (Lee et 
al., 2006b; Rolls et al., 2003). Previously, it has been shown that a 
membrane-tethered version of aPKC (aPKC-CAAX) that is ectopically 
expressed throughout the cell cortex of neuroblasts leads to dramatic 
increase in neuroblast numbers (Lee et al., 2006b; Rolls et al., 2003). This 
overproliferation phenotype is mainly due to a displacement of cell fate 
determinants from the basal cortex into the cytoplasm (Betschinger et al., 
2003; Rolls et al., 2003; Smith et al., 2007) . Consistently, my data showed 
that the majority of zif mutant neuroblasts showed ectopic aPKC expression 
where aPKC is delocalized throughout the entire cell cortex, suggesting that 
the excess of neuroblast-like cells observed in zif mutant clones is due, at 
least in part, to the ectopic expression of aPKC.  
Previous studies also revealed that during mitosis, basally-localized 
proteins such as Numb and Mira (together with its fate determinant cargo – 
Pros and Brat) are phosphorylated by aPKC in order to be displaced form the 
apical cortex into the cytoplasm so as to be restricted only to the basal cortex 
(Atwood and Prehoda, 2009; Smith et al., 2007). Supporting this finding, my 
data also showed that a high percentage of neuroblasts in zif mutants have 
severely mislocalized Numb and PON expression.  
Consistent with and supporting the notion that Zif regulates 
asymmetric localization of aPKC and/or expression to control neuroblast self-
renewal, I demonstrated that by attenuating aPKC function, neuroblast 
overgrowth phenotype of zif mutant is significantly suppressed. To further 
confirm that this excess neuroblast phenotype in zif mutant is a consequence 
of downstream defects in asymmetric division caused by aPKC 
mislocalization, I showed that by overexpressing the cell fate determinant 
Numb, the neuroblast overgrowth phenotype in zif mutant can also be 
effectively rescued. This is consistent with a previous study that showed that 
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Numb is a major downstream target of aPKC where aPKC negatively 
regulates Numb to regulate self-renewing capacity of neuroblasts (Wang et 
al., 2006). Together, my data strongly suggest that Zif suppresses excess 
neuroblast self-renewal primarily through modulating aPKC expression and/or 
localization, thereby regulating its downstream targets such as Numb.  
 
3.3.2 Zif is the first identified transcription factor to regulate 
neuroblast self-renewal through direct transcriptional repression of 
aPKC 
 Neuroblast polarity arises from a complex system that orchestrates 
robust aPKC polarity. As a central component of the polarity machinery, 
Drosophila aPKC also plays an important role in neuroblast self-renewal (Lee 
et al., 2006b; Rolls et al., 2003). Though recent work has uncovered a 
network of regulatory molecules that polarizes aPKC activity (see review 
Prehoda K, 2009), our understanding of how aPKC is regulated is far from 
complete. Here I further discovered that Zif also act as a novel zinc finger 
transcription factor that directly inhibits aPKC expression. 
The loss of zif in vivo (embryos and larval brains), and the knockdown 
of zif in cultured cells result in a dramatic increase of aPKC transcript and 
protein levels as shown from the results of RT-PCR and Western blot 
analyses. However, compromised Zif function did not affect the transcript 
abundance of other major regulators of asymmetric cell division, implying that 
the transcriptional repression of Zif on aPKC is specific. Combined with the 
results from genetic analyses which demonstrated that the neuroblast 
overgrowth phenotype in zif mutants can largely be suppressed by 
attenuating aPKC function or by overexpressing Numb, data from RT-PCR 
and Western blot analyses further strengthen the notion that Zif negatively 
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regulates aPKC expression to inhibit excess neuroblast self-renewal primarily 
through the Numb pathway. 
Finally, ChIP and Luciferase assays in S2 cells verified that Zif directly 
suppresses aPKC expression through association with a 200bp cis-regulatory 
element in aPKC promoter (about 500bp upstream of its ATG-start site). To 
the best of our knowledge, this is the first transcription factor known to directly 
regulate aPKC levels through transcriptional repression to inhibit the self-
renewing capacity of neuroblasts in the Drosophila larval brain. It would be 
interesting to examine whether Zif functions in a similar manner in other 
systems (e.g. epithelial cells, ovarian follicle cells and photoreceptor cells) 
where aPKC plays a pivotal role in establishing polarity. 
 
3.3.3 aPKC phosphorylates Zif to regulate its nuclear localization, 
thereby modulating activity of Zif as a transcriptional repressor 
of aPKC 
Interestingly, 2-D PAGE results revealed that Zif exists in two post-
translationally modified states. Furthermore, RNAi knockdown experiments in 
S2 cells as well as results from Western blot analyses of larval brain extracts 
from aPKC mutant showed that aPKC loss of function causes the more 
negatively-charged state of Zif to be dramatically reduced, if not entirely 
abolished. These results from in vivo and cultured cells experiments strongly 
suggest that Zif can be phosphorylated, and that aPKC plays a role in the 
maintenance of the phosphorylated state of Zif. Results from in vitro kinase 
assays verified that Zif indeed is a substrate of aPKC.  
Site-directed mutagenesis of the two putative aPKC phosphorylation 
sites in Zif (at serine 197 and serine 292) revealed that sub-cellular 
localization of Zif is dependent on its phosphorylation state. Using a pan-
neuronal driver (Insc-GAL4) to drive the expression of the phosphomimetic 
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form (ZifS197, 292D) and non-phosphorylatable form (ZifS197, 292A) in larval 
brains, I observed that the phosphomimetic form of Zif is completely excluded 
from the nucleus whereas the non-phosphorylatable form of Zif remains 
strongly localized in the nucleus. In addition, genetic rescue experiments 
showed that only the nuclear, non-phosphorylatable form of Zif (but not the 
phosphomimetic form) is able to suppress the defects in neuroblast 
asymmetry (i.e. Mira delocalization) and the excess of Dpn-expressing 
neuroblast-like cells associated with zif mutant clones. Consistently, to attest 
to the functional importance of aPKC phosphorylation on Ser197 and Ser292, 
in vitro kinase assays showed that aPKC phosphorylation of Zif is abolished 
when wild type Zif is substituted with a non-phosphorylatable form of Zif at 
these two aPKC phosphorylation sites 
In fact, I also showed that when Zif is mutated only at serine197 
residue, either forms of the phospho-mutant (i.e. ZifS197A or ZifS197D) are 
able to rescue zif mutant phenotype. In addition, both are ubiquitously-
expressed just like the expression pattern of wild type Zif, suggesting that the 
phosphorylation of serine 292 is crucial in excluding Zif from the nucleus, 
perhaps involving critical conformation changes that block the nuclear 
localization of Zif.  
Together, biochemical evidence and results from structure-function 
analysis and genetic rescue experiments led me to make several conclusions. 
Firstly, sub-cellular localization of Zif is regulated by aPKC phosphorylation. 
Secondly, the fact that the non-phosphorylatable form of Zif localizes to the 
nucleus and is able to rescue zif mutant phenotype provides further support 
for Zif as a transcriptional repressor of aPKC. Lastly, the inability of the 
phosphomimetic form of Zif to rescue zif mutant phenotype lends additional 
support to the functional importance of Zif phosphorylation by aPKC. It shows 
that aPKC phosphorylation does not just exclude Zif from the nucleus; it also 
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inactivates Zif, making it non-functional in the regulation of neuroblast self-
renewal. Therefore, my results strongly suggest that aPKC phosphorylation is 
able to modulate Zif activity as a transcriptional repressor of itself by 
regulating sub-cellular localization of Zif.  
 
3.3.4  Reciprocal repression between aPKC and Zif in neuroblast 
asymmetric division and neuroblast self-renewal  
Many components of the machinery involved in the establishment of 
neuroblast asymmetry and neuroblast self-renewal have been identified, but 
mechanistic insights as to how they exert this important function remains 
elusive. In this study, I have not just characterized a novel zinc finger protein 
that has a role in regulating neuroblast asymmetry, but I have also shown that 
Zif inhibits excess neuroblast self-renewal by negatively regulating aPKC 
expression levels through direct transcriptional repression. In addition, I also 
discovered that aPKC in turn is able to regulate the activity of its own 
transcriptional repressor Zif by excluding Zif from the nucleus through 
phosphorylation. 
Based on these findings, I propose a model where mutual inhibition 
between aPKC and Zif plays a key role in regulating asymmetric division and 
self-renewal of neuroblasts. Zif directly represses aPKC transcription while 
aPKC inactivates Zif by phosphorylation.  
Given that Zif is a nuclear transcription factor and aPKC is 
predominantly localized to the cortex and cytoplasm, it is conceivable that 
aPKC could have access to cytoplasmic Zif during mitosis when Zif is 
localized in the cytoplasm after nuclear membrane breakdown. Upon 
phosphorylation Zif would be retained in the cytoplasm at the interphase of 
the following cell cycle. Consistently, in wild-type interphase neuroblasts, low 
levels of Zif are observed in the cytoplasm (Fig 30). My findings suggest that 
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mutual inhibition between Zif and aPKC is critical for ensuring attainment of 
the appropriate levels and polarity of aPKC optimal for the proper control of 
asymmetric division and self-renewal of neuroblasts.  
It is currently unclear how Zif controls asymmetric localization of 
aPKC, which is likely to be independent of its regulation of aPKC 
transcription. It is possible that Zif regulates unidentified proteins that in turn 
control aPKC cortical polarity. Therefore, Zif is necessary but may not be 
sufficient for the regulation of aPKC asymmetric localization. 
Given the critical role that aPKC plays in setting up neuroblast polarity 
and in positively regulating neuroblast self-renewal, it is also possible that 
other mechanisms exist to keep aPKC and/or Zif levels within a viable range. 
Interestingly, through yeast two-hybrid assays and co-immunoprecipitation 
experiments, another novel zinc finger protein was found to interact with both 
Zif and aPKC. Preliminary results suggest that this novel zinc finger protein is 
able to enhance the binding between Zif and aPKC. Unfortunately, neither 
classical mutants nor RNAi stocks are available for this novel zinc finger 
protein; hence at the point of writing this dissertation, I am unable to furnish 
more information. Nonetheless, I believe further investigation on novel 
regulators of Zif may shed light on regulatory mechanisms that modulate the 
reciprocal regulation between Zif and aPKC in neuroblast asymmetric division 










Protein phosphatase 2A regulates self-renewal of 
Drosophila neural stem cells 
4.1 Introduction 
As reviewed in Introduction (section 1.9), given the vital role of protein 
kinases such as AurA and Polo in neuroblast asymmetric divisions, it seems 
inevitable that protein phosphatases counteracting activities of these kinases 
are in place to regulate the effects of phosphorylation on neuroblast 
asymmetric cell division. Making use of the inducible UAS-RNAi transgenic 
flies available from the Vienna Drosophila stock center (Dietzl et al., 2007); a 
screen was conducted to isolate phosphatases that may be involved in the 
neuroblast self-renewal and/or asymmetric cell division (Greg Somers et al., 
unpublished data). A pan-neuronal driver, Insc-GAL4, was used to drive the 
RNAi stocks of all available phosphatases in L3 larval brains. Dpn and/or Mira 
were used as a marker to identify aberrations in neuroblast self-renewal 
and/or asymmetric cell division upon RNAi silencing. From this screen, we 
isolated Protein Phosphatase 2A (PP2A) as a brain tumor-suppressor which 
causes neuroblast overgrowth in L3 brains upon RNAi knockdown. 
Coincidentally, a/P Wang Hongyan’s Iab also identified PP2A in their genetic 
screen for mutants involved in neuroblast self-renewal. Here, I describe and 
discuss the results from our collaboration showing that Drosophila PP2A 
behaves as a brain tumor-suppressor that regulates the balance of neural 
stem cell self-renewal and differentiation. This work has been published in the 












4.2.1 Microtubule Star (Mts) is a novel brain tumor suppressor in 
Drosophila 
We identified Microtubule star (Mts), which encodes the catalytic 
subunit of PP2A, as a brain tumor-suppressor from an RNAi-knockdown 
screen and a genetic screen in Drosophila done separately (C.Wang, S. 
Gwee, H. Sidhu, and HY.Wang, unpubl.). We isolated mts299, a hypomorphic 
allele of mts, that produced supernumerary neuroblasts (marked by Dpn, Fig 
32A) and highly enlarged larval brain lobes (Fig 32B), and has a mis-sense 
mutation (aspartic acid 197 to asparagine) in Mts. mts299  flies survive to the 
pupal stage, while mts-null (mtsXE-2258) flies die during embryogenesis (Snaith 
et al., 1996). In mts299/mtsXE-2258 trans-heterozygotes, neuroblast 
overproliferation is also observed, although they die as second instars (Fig 
33A). RNAi-mediated knockdown of mts using a neuroblast-specific driver 
Insc-Gal4 also caused neuroblast overproliferation in the larval brains (Fig 
32C). A transgene expressing wild type Mts fully rescued the neuroblast 
overproliferation phenotype of mts mutants (Fig 32D). These data indicate 
that reduced Mts function can cause neuroblast overgrowth in the larval brain. 
Figure 32. Microtubule star (Mts) is a novel brain tumor-suppressor in 
Drosophila larval brains. (A) Supernumerary larval brain neuroblasts and (B) 
highly enlarged larval brains of mts299 mutants (right panels). (C) mts RNAi 
expressed using the Insc-Gal4 driver results in supernumerary neuroblasts in the 
larval brains. (D) Overexpression of wild-type mts can completely rescue the brain 
tumor phenotype of mts299. Neuroblasts are marked by Dpn or Mira, white dotted 
lines mark the margin between the central brain and the optic lobe; central brain to 
the left in A,C,D. Scale bars: 10 µm in A for A,C,D; 1 µm in B. 
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Figure 33. PP2A can inhibit larval brain neuroblast overgrowth. (A) 
mts299/mtsXE-2258 trans-heterozygotes show a neuroblast overproliferation 
phenotype at 72 hours ALH. (B) Delocalization of aPKC, Numb and PON 
in mts299/mtsS5286 mutants is fully rescued by a wild-type mts transgene. (C) 
PP2A-29B, the A subunit of PP2A, can inhibit excess self-renewal of larval 
brain neuroblasts. PP2A-29BRS/PP2A-29BEP trans-heterozygotes display a 
neuroblast overproliferation phenotype. (D) tws60 larval brains show an 
overproliferation of neuroblast defects. (E) Quantification of central brain 
neuroblast numbers in wild type, and in PP2A-29B− and tws60 mutants. (F) 
Increased apoptosis in tws60 compared to wild-type larval brains. Apoptotic 
cells are labeled by anti-activated-Caspase 3 antibody in red. Note that 
small Dpn-positive cells are observed in tws60 mutants, some of which are 
labeled by activated Caspase. Dotted lines indicate the margins between 
central brains (to the left) and optic lobes. Scale bars: 10 µm in A for A, C, 
D, F; 1 µm in B. 
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PP2A is a conserved serine/threonine phosphatase that functions as a 
trimeric protein complex composed of a catalytic subunit (C, Mts in 
Drosophila), a scaffold subunit (A, PP2A-29B), and one of the variable 
regulatory B (Twins), B’ (B56-1 and Widerborst) or B” (PR-72) subunits (Li et 
al., 2002; Westermarck and Hahn, 2008). Mammalian PP2A has been 
implicated in various processes including cell cycle progression, cell death 
regulation and tumorigenesis (Janssens et al., 2005; Westermarck and Hahn, 
2008). Drosophila PP2A functions in mitosis and PP2A mutants display 
mitotic abnormalities in the dividing neuroblasts (Chen et al., 2007; Deak et 
al., 2003). We speculated that these distinct phenotypes seen with different 
PP2A mutants were due to in part to varying degrees of catalytic impairment.  
To test this, we examined the effects on BrdU incorporation in larval 
brains in which mts function was attenuated to various levels by driving mts 
RNAi in vivo using the Insc-Gal4 driver at various temperatures. mts RNAi is 
expected to reduce Mts function most at 30ºC, and least at 13ºC, as Gal4 
activity is known to be temperature-dependent, with higher activity at a higher 
temperature. Interestingly, at both 13ºC and 18ºC, mts RNAi results in more 
BrdU incorporation compared to wild type, whereas at 25ºC or 30ºC, mts 
RNAi brain had much less BrdU incorporation than wild type (Fig 34). This 
suggests that partial loss-of-function of Mts results in overproliferation of 
neuroblasts, whereas more severe perturbation of Mts function prevents cells 
from dividing. This is consistent with the inability to generate mts-null mutant 
clones in bristles (Hannus et al., 2002), which is likely due to the essential cell 
division function of Mts. Thus, PP2A has dual functions as a brain tumor 
suppressor and a cell cycle regulator. 
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4.2.2    PP2A can inhibit excess self-renewal of neuroblasts 
To examine the role of Mts in neuroblast self-renewal and 
differentiation, we first quantified central brain neuroblast numbers in 
mts299/mtsS5286 trans-heterozygotes. Both wild type and mts mutants have 
similar numbers of central brain neuroblasts at 24h after larval hatching 
(ALH). However, mts mutants generated around 1000 neuroblasts that are 
marked by Mira or Worniu at 96h ALH, whereas the wild type had only around 
100 neuroblasts (Fig 35 A-C). Conversely, neuronal differentiation in mts 
mutants is impaired, as neurons marked by Elav or nuclear Pros are 
drastically reduced (Fig 35 D, E).  
 
 
Figure 34. Mts has dual functions as a brain tumor-suppressor and cell 
cycle regulator. BrdU incorporation was carried out in mts RNAi larval 
brains expressed under an Insc-Gal4 driver at various temperatures. Gal4 
activity is higher at higher temperatures than at lower temperatures. mts 
RNAi brains have more BrdU labeling at 13°C and 18°C, whereas there is 
much less BrdU labeling at 25°C or 30°C compared with wild type. Dotted 
lines indicate the margins between central brains (to the left) and optic 
lobes. Scale bar: 10 µm. 
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Figure 35. PP2A can suppress neuroblast overproliferation and 
promote neuronal differentiation. (A) Quantification of neuroblast 
numbers in wild type (wt) and mts299/mtsS5286 mutants from 24 hours to 96 
hours ALH; n=20 per time point per genotype. (B-I) Confocal single 
scanning images of wild-type (upper panels in B-G) and mts299/mtsS5286 
mutant (lower panels in B-G) larval brains at 96 hours ALH that were 
examined for neuroblast markers (B) Mira and (C) Wor, neuronal markers 
(D) Elav and (E) Pros, (F) G1/S cyclin CycE, cell proliferation markers (G) 
BrdU and (H) phospho-Histone H3 (PH3), or (I) cell growth factor Myc. DNA 
is blue. Dotted lines indicate the margins between central brains (to the left) 
and optic lobes. Scale bar: 10 µm. 
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  Consistent with mts mutants producing a neuroblast overgrowth 
phenotype, the number of cells expressing markers associated with 
proliferation including Cyclin (Cyc) E (Fig 35F), PH3 (Fig 35H) and the cell 
growth factor dMyc/c-Myc (Fig 35I) are increased. An increase of BrdU-
incorporation is also observed in mts mutants (Fig 35G). Taken together, 
these findings show that neuroblast overproliferation occurs at the expense of 
neuronal differentiation in mts mutants. 
Mts can inhibit excess neuroblast self-renewal in both Ase-negative 
DM and Ase-positive non-DM neuroblast lineages, as mts299 larval brains 
contain increased number of both Ase+ and Ase- neuroblasts compared to 
wild type (Fig 36A). This is in contrast to the overgrowth of brat mutants that 
formed almost entirely Ase- neuroblasts in larval brains, as Brat appears to 
act only in DM/PAN lineages (Bowman et al., 2008).  
mts RNAi using an Ase-Gal4 driver expressing only in Ase-positive 
non-DM neuroblast lineages caused neuroblast overproliferation in larval 
brains (Fig 36B), although this was weaker than the phenotype derived from 
mts RNAi by Insc-Gal4, which drives expression in both neuroblast lineages 
(Fig 32C). In addition, MARCM (Lee and Luo, 1999) clone analysis in mts299 
also suggests neuroblast overgrowth in both neuroblast lineages (Fig 36C, 
D). The mts-null mutant is unable to generate MARCM clones, consistent with 
the cell lethal phenotype described previously (Hannus et al., 2002).  
When mts299 MARCM clones that were induced during early larval 
stage were kept to adulthood, some of the clones in the adult brains had 
multiple phospho-Histone H3+ and/or Dpn+ cells; this was never seen in wild 
type MARCM clones in adult brains (Fig 36E), suggesting that some of the 
mutant cells continue to proliferate until adulthood. These results indicate that 
Mts can inhibit excess self-renewal of Drosophila neural stem cells.  
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Figure 36. Mts inhibits neuroblast overgrowth in both Ase-positive non-
DM and Ase-negative DM neuroblast lineages. (A) Large numbers of both 
Ase- and Ase+ (red) neuroblasts are seen in mts299/mtsS5268 mutants. 
Phalloidin-labeled actin is green. (B) mts RNAi in Ase+ neuroblast lineages 
is sufficient to cause larval brain neuroblast overproliferation. Neuroblasts 
are marked with Dpn (red) and Mira (green). (C, D) Excess neuroblasts are 
observed in both (C) non-DM and (D) DM neuroblast lineages compared with 
wild type. MARCM clones are marked by CD8 (green), neuroblasts are 
marked by Dpn (blue, right), Ase is red. DM lineage clones are located at the 
dorsal-medial region, whereas non-DM clones are located at the dorsal-
anterior region of larval brains and the neuroblast is Ase-positive. Note that 
in the wild-type DM lineage (upper panel), the neuroblast is Ase-negative 
(arrow), whereas in mts299 mutants (lower panel), multiple neuroblasts are 
generated and it is difficult to trace the Ase-negative neuroblast (the putative 
neuroblast is indicated by the arrow). (E) mts299 MARCM clones kept to 
adulthood have multiple cells expressing phospho-Histone H3 (red) and/or 
Dpn (blue). This was never seen in wild-type MARCM clones in adult brains. 
(F) PP2A-29B RNAi generates supernumerary larval brain neuroblasts. 
PP2A-29B RNAi is controlled under the Insc-Gal4 driver. Mira (red) marks 
neuroblasts. DNA is blue. Dotted lines mark the outline of clones in C, D and 
E, and mark the margin between central brain and optic lobe, with central 
brain to the left, in B and F. Scale bars: 10 µm. 
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  The protein product of Mts, the catalytic subunit of PP2A, normally 
functions in a heterotrimeric protein complex (Janssens et al., 2005). To 
ascertain the function of the A and B regulatory subunits of PP2A during 
larval brain neuroblast self-renewal, we examined the single A subunit (PP2A-
29B) as well as the multiple B subunits [twins (tws), widerborst (wdb), B56-1 
and PR-72] using in vivo RNAi or by mutations.  
Subunit A of PP2A can inhibit neuroblast overgrowth, as PP2A-29B 
RNAi, as well as trans-heterozygotes between two lethal P elements PP2A-
29BRS and PP2A-29BEP, which survive to third instar larval stage, displayed 
neuroblast overproliferation in larval brains (Fig 36F and Fig 33C, E).  
In tws60 mutant brains, the number of neuroblasts is also slightly 
increased compared to wild type (Fig 33D, E). This weak phenotype observed 
in tws60 is likely due to other defects including apoptosis and/or cell division in 
tws60. Consistently, a significant number of cells in tws60 larval brains are 
labeled by activated Caspase 3 (also known as Decay), in contrast to wild 
type brains in which very few cells are labeled (Fig 33F). Furthermore, a weak 
adult-lethal tws mutant was shown to cause bristle duplication (Shiomi et al., 
1994), suggesting that a mild perturbation of Tws function can lead to cell fate 
transformation.  
Other B regulatory subunits including Wdb, B56-1 and PR-72 do not 
obviously influence neuroblast self-renewal. wdbIP or wdbdw MARCM clones, 
as well as B56-1 and PR-72 RNAi knockdown, do not generate any defects in 
the self-renewal of larval brain neuroblasts. It is possible that some B subunits 
are redundant for the regulation of neuroblast self-renewal, as both B56 
subunits were shown to have redundant functions in regulating cell death (Li 
et al., 2002). However, in a double mutant of B56 wdb (wrdKG01108 wdb12-1es), 
we did not observe any defect in asymmetric division or self-renewal of 
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neuroblasts. Therefore, Tws appears to be the B regulatory subunit of PP2A 
that controls the self-renewal of larval brain neuroblasts. 
 
4.2.3 PP2A regulates asymmetric protein localizations as well as 
mitotic spindle orientation 
To explore whether PP2A regulates asymmetric cell division of 
neuroblasts, the distribution of asymmetrically localized proteins were 
examined in PP2A mutants. The asymmetric localization of most polarity 
proteins including aPKC (Fig 37A; 70.0%, n=30), Par6 (Fig 37B; 33.3%, 
n=30), Baz (Fig 37C; 36.4%, n=48) and Insc (Fig 37D; 35.4%, n=48) are 
affected to various degrees in trans-heterozygotes between mts299 and mtsXE-
2258 (mts-null). Amongst the basal proteins, localizations of Numb (Fig 37E; 
71.7%, n=46) and PON (Fig 37F; 68%, n=25) are most severely disrupted, 
whereas Mira (Fig 37G; 14.6%, n=48) and Brat (Fig 37H; 33.3%, n=30), are 
mildly perturbed in mts mutants. Phenotypic penetrance follows the order of 
mts299/mtsXE-2258 > mts299/mtsS5286 > mts299. Mitotic spindle orientation was also 
compromised in mts mutants (Fig 37K, L). The mitotic spindle was misaligned 
with the cortical crescent in 44% of cells in mts299/mtsXE-2258 mutant (Fig 37K, 
L; n=30). These asymmetric division defects of mts mutants were fully 
rescued by a wild type mts transgene (Fig 33B).  
We then ascertained that PP2A subunits A and B also regulate 
asymmetric division of neuroblasts. In larval brains of PP2A-29BRS/PP2A-
29BEP mutants, asymmetric distributions of aPKC (Fig 38A; 84.2%, n=19), 
Numb (Fig 38B; 56.3%, n=16), and PON (Fig 38C; 80%, n=15) were lost. 
Mitotic spindle misorientation can be observed in PP2A-29BRS/PP2A-29BEP 
(Fig 38E).  
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Figure 37. Mts is required for aPKC, Numb and Pon cortical polarity 
and proper mitotic spindle orientation. Larval brain neuroblasts from wild 
type (upper panels) or mts299/mtsS5286 mutants (lower panels) were 
examined for localization of (A) aPKC, (B) Par6, (C) Baz, (D) Insc, (E) 
Numb, (F) PON, (G) Mira and (H) Brat. (I-L) PP2A is required for proper 
mitotic spindle orientation. (I) Wild-type and (K) mts299/mtsS5286 mutant 
neuroblasts were triple-labeled for α-Tubulin (red), Insc (green) and DNA 
(blue). Mitotic spindle orientation in (J) wild type and (L) mts299/mtsS5286 
mutants was quantified. Scale bar: 1 µm. 
Results: 







Figure 38. PP2A subunits A and B regulate the asymmetric division of 
neuroblasts. Asymmetric localization of (A) aPKC, (B) Numb and (C) PON is 
disrupted both in the larval brains of PP2A-29BRS/PP2A-29BEP (middle) and in 
tws60/tws02424 (bottom) trans-heterozygote larvae. In contrast to (D) wild type, 
mitotic spindle misorientation is observed in (E) PP2A-29BRS/PP2A-29BEP and 
(F) tws60/tws02424 mutants. α-Tubulin (red) marks the mitotic spindle and Insc 
(green) represents asymmetrically localized proteins. DNA is in blue. 
Quantifications of mitotic spindle orientation are shown in D-F (lower panels). 
% in A-C refers to the percentage of neuroblasts in which mislocalization of the 
proteins was observed. In D-F, % refers to the percentage of neuroblasts with 
the measured angles between the mitotic spindle and the midline of the 
crescent. Scale bar: 1 µm. 
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  In tws60 (pupal lethal) and tws02424 (embryonic lethal) trans-
heterozygotes, asymmetric localization of aPKC, Numb and PON as well as 
mitotic spindle orientation were also affected (Fig 38A-C). In tws60/tws02424 
mutant, asymmetric localizations of aPKC (Fig 38A; 75%, n=20), Numb (Fig 
38B; 74.1%, n=27), and PON (Fig 38C; 71.4%, n=21) were disrupted. 
It was shown recently in S2 cells that PP2A RNAi leads to defects in 
cell cycle progression (Chen et al., 2007), so our current data do not ruled out 
cell cycle delays as the cause of neuroblast polarity defects. It was shown in 
C. elegans embryos that DNA replication defects delay cell division and 
disrupt cell polarity (Encalada et al., 2000). However, metaphase-arrested 
neuroblasts induced either by a microtubule-depolymerizing drug or mutations 
in cdc20 (fzy) or cdh1 (rap) display normal cortical polarity (Broadus and Doe, 
1997; Slack et al., 2007). Our data suggest that PP2A heterotrimeric complex 
is required for neuroblast polarity and appears to act upstream of polarity 
proteins including aPKC to control neuroblast asymmetry. 
 
4.2.4 PP2A and Polo enhance Numb phosphorylation and asymmetric 
localization 
The PP2A-dependent defects in asymmetric division of neuroblasts 
resemble those seen in polo loss-of-function mutants. As mentioned in 
Introduction (section 1.8), Polo kinase was previously identified as a brain 
tumor suppressor that mediates the asymmetric localization and segregation 
of Numb by phosphorylating PON, an adaptor protein for Numb (Wang et al., 
2007). This prompted us to ascertain whether PP2A might act to prevent 
excess self-renewal by regulating Numb asymmetry, similar to Polo (Wang et 
al., 2007). The neuroblast overgrowth phenotype was significantly, although 
not completely, suppressed by overexpression of Numb-GFP in mts mutants 
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(Fig 39A-C). These data indicate that PP2A suppresses neuroblast 
overgrowth, at least in part, by regulating Numb asymmetry/function.  
We therefore tested if Numb might be a substrate for PP2A 
dephosphorylation. Numb proteins were detected as two bands, with the 
higher band representing the modified form of Numb (Rhyu et al., 1994). If 
Numb is a substrate of PP2A, the modified form of Numb, which is the 
phosphorylated form, will increase in PP2A mutants.  
However, to our surprise, hyperphosphorylated Numb is reduced in 
larval brains of mts299/mtsXE-2258 trans-heterozygotes and is also reduced by 
mts in vivo RNAi (Fig 39D), indicating that Numb is unlikely to be a direct 
substrate of PP2A. A similar reduction in the levels of phosphorylated Numb 
was also observed in PP2A-29B- and tws60/tws02424 larval brains.  
These results cause us to speculate that PP2A may activate a kinase 
that phosphorylates Numb. As reviewed in Introduction (section 1.8), three 
protein kinases, aPKC, Polo and Aur-A were previously shown to regulate 
asymmetric division of Drosophila neural stem cells (Betschinger et al., 2003; 
Lee et al., 2006a; Rolls et al., 2003; Wang et al., 2007; Wang et al., 2006). 
aPKC phosphorylates Numb and leads to its asymmetric localization (Lee et 
al., 2006b; Smith et al., 2007). Five aPKC phosphorylation sites, including 
Ser52 of Numb (corresponding to Ser7 in murine Numb), are evolutionarily 
conserved. Aur-A phosphorylates Par-6 and allows aPKC to phosphorylate 
Numb and release it from one side of the cell cortex (Wirtz-Peitz et al., 2008). 
Polo can phosphorylate PON directly, which leads to asymmetric localization 
of PON and subsequently Numb (Wang et al., 2007). 
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Figure 39. PP2A primarily acts upstream of Numb to regulate 
neuroblast self-renewal. Compared to the control (A) Insc-Gal4 
mts299/mtsS5286, ectopic expression of Numb-GFP using Insc-Gal4 
significantly suppresses the neuroblast overgrowth phenotype in (B) 
mts299/mtsS5286 mutants. Dpn marks neuroblasts. Scale bar: 10 µm. (C) 
Quantification of neuroblast numbers at 72 hours ALH and 96 hours ALH. 
O/E, overexpressed. (D) Numb phosphorylation (higher molecular weight 
bands; arrow) is abolished in mts299/mtsXE-2558 and polo9/polo11 larval brains. 
Numb phosphorylation appears to be largely present in a weaker 
mts299/mtsS5286 trans-heterozygote. Ectopic expression of Mts (Insc-Mts) 
results in increased Numb phosphorylation. Numb phosphorylation is 
present in aurA8839/aurA87Ac-3 (aur A-). 
 
Insc-GAL4>Numb-GFP, 
mts - Insc-GAL4, mts -  
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Figure 40. aPKC06403 significantly suppresses neuroblast 
overgrowth in mts299. A loss-of-function mutation, aPKC06403, partially 
suppresses the neuroblast overproliferation phenotype of mts larval 
brains. Double mutant mts299 aPKC06403 larvae have many fewer 
neuroblasts compared with mts299 mutants at 68 hours ALH. Scale bar: 
10 µm. 
 
   As aPKC protein levels are upregulated in both PP2A and polo 
mutants (Fig 41B), the loss of Numb phosphorylation in PP2A- mutants is 
unlikely due to compromised function of aPKC. Furthermore, phosphorylation 
of Numb by aPKC which is recognized by anti-pS7Numb antibody is 
enhanced (Fig 41C) despite the overall reduction of Numb phosphorylation in 
PP2A- mutants. Therefore, loss of Numb phosphorylation in PP2A- mutants 
appears to be aPKC-independent. However, aPKC activity which is probed by 
antibody against the autophosphorylated aPKC remains unchanged in mts 
knock down (Fig 41C), indicating that increased Numb phosphorylation is not 
due to increased aPKC activity in PP2A- mutants.  
The neuroblast overproliferation phenotype of mts brains was partially 
suppressed by the loss-of-function mutation aPKC06403 (Fig 40). This 
suppression is consistent with the role of aPKC in neuroblast proliferation. In 
this double mutant, the expected loss of Numb phosphorylation at the Ser52 
aPKC site may contribute to this suppression. 
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We thus tested whether the bulk of Numb phosphorylation requires 
Polo or Aur-A kinases, two brain tumor suppressors that regulate Numb 
asymmetry. Interestingly, Numb phosphorylation is similarly lost in polo 
mutant larval brains, whereas it is not obviously affected in aur-A mutant 
trans-heterozygous [aur-A8839 (strong hypomorphic allele) /aur-A87Ac-3 (amorph 
allele)] brains (Fig 39D). Therefore, Polo, but not Aur-A is critical for the bulk 
phosphorylation of Numb (Wang et al., 2007). Although Aur-A is required for 
phosphorylation of Numb by aPKC (Wirtz-Peitz et al., 2008), other kinase(s) 
can also phosphorylate Numb on phosphorylation sites that might be different 
from aPKC phosphorylation sites, and could therefore account for Numb 
phosphorylation in aur-A mutants. Phosphorylation of Ser611PON is also 
strongly reduced in mts mutants (Fig 41A), similar to polo- mutants. Thus, 
both PP2A and Polo are crucial for Numb and PON phosphorylation.  
We also explored the possible involvement of several other kinases, 
such as Par-1 kinase, in neuroblast self-renewal. However, neither 
overexpression of Par-1 nor par1-null MARCM clones showed any neuroblast 
proliferation phenotype (Fig 42). Therefore, similar to Polo, PP2A regulates 
Continued from previous page 
  
Figure 41. Polo protein abundance depends on PP2A. (A) 
Phosphorylation of PON on Ser611 is strongly reduced in mts299/mtsXE-2258 
mutants. (B) In mts299/mtsXE-2258 larval brains, Polo protein levels are 
strongly decreased, whereas aPKC levels are increased. aPKC protein 
levels are increased in polo9/polo11 larval brains. (C) Numb phosphorylation 
by aPKC (pS7Nb) is increased but aPKC autophosphorylation remains 
unchanged after mts knockdown in S2 cells. (D) Polo protein levels are 
reduced in PP2A-29BRS/PP2A-29BEP and tws60/tws02414 larval brains. (E) 
Polo protein levels are significantly reduced in S2 cells upon mts RNAi, tws 
RNAi or B56-1 RNAi but not after wdb or PR-72 RNAi (data not shown). (F) 
Polo protein levels are reduced in S2 cells upon treatment with Calyculin A 
(CalA), or co-treatment with CalA and MG132. α-Tubulin served as a 
loading control. The quantifications of changes of protein levels are 
normalized by the loading controls in the following ratios: (A) wt:mts-, 
1:0.38; (B) wt:mts-, 1:0.34 (Polo); wt:mts-, 1:1.39 (aPKC); wt:polo-, 1:1.43 
(aPKC); (C) wt:mts-, 1:4.58 (pS7Nb); wt:mts-, 1:0.93 (p-aPKC); (D) 
wt:PP2A-29B-, 1:0.4; wt:tws-, 1:0.26; (E) control:mts dsRNA, 1:0.27; 
control:tws-:B56-1, 1:0.31:0.36; (F) -:+-:++, 1:0.35:0.35. 
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asymmetric localization of aPKC, PON and Numb, as well as mitotic spindle 
orientation. In addition, both PP2A and Polo decrease aPKC protein levels 
and enhance Numb and PON phosphorylation. Thus, they may act in the 
same pathway during neuroblast asymmetric divisions.  
 
Figure 42. Par1 is not required for the regulation of neuroblast self-
renewal. (A) par1Δ16 (null allele) MARCM clones and (B) overexpression 
of Par1 do not show any defects in self-renewal of central brain 
neuroblasts. Dotted lines label the MARCM clones in A and separate 
central brains with optic lobes in B. Scale bars: 10 µm 
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4.2.5  PP2A acts in Polo/Numb pathway to inhibit neuroblast overgrowth 
 
We next examined how PP2A might regulate Polo function to facilitate 
asymmetric division. In mts299/mtsXE-2258 mutant or mts RNAi larval brains, 
Polo protein levels were dramatically reduced (Fig 41B), suggesting that 
PP2A is required for Polo expression. Polo protein levels were also strongly 
reduced in PP2A-29BRS/PP2A-29BEP and tws60/tws02414 mutant larval brains 
(Fig 41D). Polo abundance was similarly reduced in S2 cells after RNAi 
knockdown of mts or the two PP2A regulatory subunits B - twins or B56-1 (Fig 
41E), but not significantly changed by RNAi knockdown of wdb or PR-72. 
Similar reduction of Polo protein levels were also observed in S2 cells treated 
with Calyculin A, an inhibitor of PP2A and PP1 (Fig 41F), indicating that PP2A 
might be required for Polo expression/or maintaining Polo levels. 
To investigate how PP2A regulates Polo protein expression, S2 cells 
were co-treated with both Calyculin A and MG132, a proteasome inhibitor. In 
these cells, Polo protein levels remain reduced similar to cells treated with 
Calyculin A alone (Fig 40F). We therefore tested whether PP2A sustains polo 
transcript abundance in the larval brains. polo transcript levels were 
dramatically reduced in mts299/mtsXE-2258 larval brains (Fig 43A). This effect on 
polo transcript levels appears specific for polo, as mts mutations did not 
significantly affect transcript levels of numb, baz, or lgl (Fig 43A). polo 
transcript levels were also significantly reduced in PP2A-29BRS/PP2A-29BEP 
larval brains (Fig 43B) or in S2 cells upon mts, tws, or B56-1 knockdown (Fig 
43C). Taken together, these results suggest that PP2A sustains polo 
transcript levels in both larval brains and S2 cells. Although both Tws and 
B56-1 are important for polo expression in S2 cells, B56-1 does not appear to 
be required for the asymmetric division of neuroblasts. The introduction of 
GFP-Polo (genomic construct) or Insc-Venus-Polo is able to significantly 
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suppress the neuroblast overproliferation phenotype in mts mutants (Fig 43D, 
E), further supporting the model that PP2A functions upstream of Polo to 
















































Figure 43. PP2A promotes Polo expression to inhibit neuroblast 
overgrowth. (A-C) polo transcript levels are significantly reduced in (A) 
mts299/mtsXE-2258 and (B) PP2A-29BRS/PP2A-29BEP larval brains, and in (C) 
S2 cells upon mts, tws or B56-1 knockdown. (D, E) Overexpression of GFP-
Polo significantly suppresses neuroblast overgrowth in mts299. mts299 
mutants with overexpression of GFP-Polo have a significantly reduced 
number of neuroblasts compared with mts299 at 72 hours, 96 hours and 120 
hours ALH. Neuroblasts are marked by Dpn. Scale bar: 10 µm. (E) 
Quantification of central brain neuroblast numbers in control mts299 and 
GFP-Polo; mts299 brains. The quantifications of changes of transcript 
levels are normalized by the loading controls in the following ratios: (A) 
wt:mts-, 1:0.125 (polo); wt:mts-, 1:1.22 (numb); (B) wt:PP2A-29B-, 1:0.24; 










4. 3 Discussion 
Mammalian PP2A is a tumor suppressor that participates in malignant 
transformation by regulating multiple pathways (Westermarck and Hahn, 
2008). However, it is unknown whether PP2A controls neural stem cell self-
renewal. Our data explicitly show that the Drosophila PP2A trimeric complex 
confers brain tumor-suppressor activity and controls the balance of self-
renewal and differentiation of neural stem cells. We show that PP2A mutation 
leads to neural stem cell overproliferation in Drosophila larval brains, which is 
associated with dramatically reduced neuronal differentiation. Cell cycle 
genes including CycE, and phospho-Histone H3 and growth factor Myc are 
upregulated in PP2A mutants, consistent with the neuroblast overgrowth 
phenotype. Neuroblasts overproliferate in PP2A mutant MARCM clones. 
When these mutant clones that were generated at larval stages are kept until 
adulthood, neural stem cells continue to proliferate in adult brains, which is 
never observed for wild-type clones. Therefore, PP2A normally acts to inhibit 
excess self-renewal and promote neuronal differentiation of neural stem cells.  
This overgrowth of neural stem cells in PP2A mutants is a 
consequence of defects in the asymmetric division of neural stem cells. PP2A 
regulates asymmetric protein localization as well as mitotic spindle 
orientation. In a previous study, it was shown that Polo kinase is a brain 
tumor-suppressor that regulates Numb/PON and aPKC asymmetric 
localization, as well as mitotic spindle orientation (Wang et al., 2007). 
Although polo mutants displayed pleiotropic phenotypes during asymmetric 
divisions, Polo primarily regulates asymmetric division of neural stem cells by 
regulating Numb asymmetry (Wang et al., 2007). Polo directly phosphorylates 
PON on Ser611, which leads to the asymmetric localization of PON and 
subsequently Numb (Wang et al., 2007).  
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Strikingly similar to Polo, PP2A also regulates the asymmetric 
localization of aPKC, PON and Numb, and is required for PON 
phosphorylation on Ser611. Interestingly, both PP2A and Polo are required 
for Numb phosphorylation, which may be important for Numb asymmetric 
localization or its activity on the cortex. Thus, Numb is a major downstream 
factor for both PP2A and Polo in regulating neural stem cell self-renewal. 
Consistent with this, overexpression of Numb, but not PONS611D, a 
phospho-mimetic form of PON, in polo mutants significantly rescues the 
neuroblast overgrowth phenotype (Wang et al., 2007).  
We further discovered that PP2A functions upstream of Polo/Numb in 
the same pathway to control self-renewal of neuroblasts. Polo transcript and 
protein abundance is dependent on PP2A function. The expression of several 
other genes, including numb, baz and lgl, are not affected by PP2A 
knockdown, suggesting that the downregulation of polo in PP2A mutants 
appears to be specific. Moreover, overexpression of GFP-Polo or Numb can 
largely suppress neuroblast overgrowth in PP2A mutants, suggesting that 
PP2A primarily acts in the Polo/Numb pathway to inhibit neuroblast 
overgrowth. Our discovery suggests that PP2A and Polo, both of which are 
crucial brain tumor-suppressors and cell cycle regulators, can function in the 
same pathway to regulate stem cell self-renewal and tumorigenesis.  
Currently, it is not clear how PP2A, which is a protein phosphatase, 
promotes polo expression. It is conceivable that PP2A dephosphorylates a 
transcription factor and consequently activates it to allow polo transcription. 
Alternatively, PP2A may dephosphorylate a protein that is required for polo 
mRNA stabilization.  
PP2A is involved in a broad range of cellular processes including 
signal transduction, transcriptional regulation and cell cycle control 
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(Westermarck and Hahn, 2008). PP2A regulates the Wnt/Wingless signaling 
pathway and affects the degradation of β-catenin, a transcription factor and 
the central molecule of this pathway (Eichhorn et al., 2009). Two of the 
components of Wnt/Wingless signaling pathway, Adenomatous polyposis coli 
(APC) and Shaggy (also known as GSK3), do not regulate neuroblast polarity 
(Rusan et al., 2008). So it remains to be determined whether Wnt/Wingless 
signaling plays a role in neuroblast polarity. Mammalian PP2A directly 
dephosphorylates oncogene cMyc and tumor suppressor p53, both of which 
are transcription factors (Eichhorn et al., 2009; Junttila et al., 2007). Future 
studies should identify potential substrate(s) of PP2A that can promote polo 
expression and control neural stem cell self-renewal.  
Interestingly, we also observed that cMyc protein levels were 
increased in PP2A mutants, suggesting that PP2A may have a conserved 
role in modulating cMyc protein and suppressing its function. However, 
ectopic expression of cMyc alone does not induce brain tumor formation in 
Drosophila (Betschinger et al., 2006), suggesting that PP2A can regulate 
multiple pathways to affect neural stem cell self-renewal.  
Nonetheless, the PP2A/Numb pathway appears to be one of the major 
pathways by which PP2A controls the balance of self-renewal and 
differentiation in Drosophila, as overexpression of Polo or Numb can largely 
suppress neural stem cell overgrowth in PP2A mutants. Furthermore, PP2A 
may regulate Numb function and activity by both promoting polo expression 
and antagonizing aPKC phosphorylation of Numb. Whether mammalian 
PP2A also regulates stem cell polarity/renewal will be of great interest for 
future study. 
 







CONCLUSION AND PERSPECTIVES 
 
 For many years, Drosophila neuroblasts have proved to be a 
remarkably fruitful model system for investigating stem cell symmetry 
breaking. The study of stem cell asymmetric division in Drosophila embryonic 
neuroblasts has brought about a period of rapid progress in identifying many 
central players in asymmetric cell divisions. In the recent years, Drosophila 
larval brain neuroblasts have also emerged as a novel model for the study of 
stem cell self-renewal and tumor suppression as a growing body of evidence 
strongly suggest that defects in asymmetric cell division can upset 
homeostasis of stem cell self-renewal causing neural stem cells to turn into 
tumor-initiating cells that recapitulate several hallmarks typical of mammalian 
tumors. 
The advent of new methods for self-renewal assays such as MARCM 
(Lee and Luo 1999), made it possible to generate single mutant neuroblast 
clones that lack a particular gene in a heterozygous (phenotypically) wild-type 
background. Such mosaic clonal analyses made it easier to ascertain the 
effects of specific gene mutation on neuroblast self-renewal by comparing 
stem cell numbers with and without the activity of candidate self-renewal 
regulators. In fact, many of the widely conserved cellular polarity proteins 
(e.g. lgl and dlg) known to regulate asymmetric cell division were discovered 
to act as tumor suppressors during neuroblast self-renewal through such new 
techniques.  
Consistent with the link between asymmetric cell division and tumor 
formation, molecular genetic data from the study of Drosophila neural stem 





cell together with results from mammalian studies provided evidence to show 
that mechanisms regulating stem cell self-renewal and tumor suppression via 
asymmetric cell division are evolutionarily conserved. These studies show 
that breakdown of asymmetry in dividing Drosophila neuroblast stem cells 
leads to symmetric, proliferative divisions and hence impaired differentiation 
(Rolls, Albertson et al. 2003; Caussinus and Gonzalez 2005)l(Lee, Robinson 
et al. 2006). In addition, impaired basal targeting and defective cell fate 
determination during asymmetric neuroblast division in Drosophila lead to the 
formation of malignant neoplasm due to excessive numbers of 
overproliferating mutant progenitor cells (Caussinus and Gonzalez 2005; 
Bello, Reichert et al. 2006; Betschinger, Mechtler et al. 2006; Lee, Wilkinson 
et al. 2006).  
Interestingly, it has been observed that only a small subset of the cells 
in a human tumor when transplanted into immuno-compromised mice can 
reinitiate tumor formation. Data from these recent studies also demonstrated 
that these so-called ‘cancer stem-cells’ cells may cause leukemia, and solid 
tumors of the breast and brain (Lapidot, Sirard et al. 1994; Bonnet and Dick 
1997; Al-Hajj, Wicha et al. 2003; Singh, Clarke et al. 2003; Al-Hajj and Clarke 
2004) lending further support to the notion that failure of the otherwise tightly 
regulated self-renewing capacities of either stem cells or progenitor cells can 
result in neoplasm.  
Though it is true that more advanced tumors usually lack polarity, it is 
unclear at present whether there is a direct causal link between loss of cell 
polarity and tumor initiation in humans. Nonetheless, data from Drosophila 
clearly demonstrate that impaired asymmetric cell division, and in turn errors 
in the process of normal differentiation can be initiating events in the 
formation of malignant tumors.  





Despite tremendous progress in the field, mechanistic understanding 
of how these regulators of asymmetric cell division exert their function in the 
self-renewal of neuroblasts remain elusive. Results from my Ph.D. work on 
the two novel players in asymmetric cell division of Drosophila neuroblasts 
certainly reveal new perspectives to our understanding of the underlying 
mechanisms that controls stem cell self-renewal, progenitor differentiation, 
and shed light on the link between tumor suppression and asymmetric cell 
division.  
Chapter 3 outlines a novel zinc-finger protein, Zif, which suppresses 
excess neuroblast self-renewal primarily through modulating aPKC 
expression and/or localization. When Zif function is compromised, not only is 
neuroblast polarity disrupted, aPKC transcript and protein levels are also 
upregulated. Since aPKC is a potent positive regulator that enhances 
neuroblast self-renewal, it is no surprise that zif mutant exhibit neuroblast 
overgrowth phenotype. In fact, recent data implicate the PAR-aPKC complex 
in human carcinogenesis. Gene amplification and elevated constitutive 
activity of PKC-ι, one of two human aPKC homologs, was detected in ovarian, 
lung and colon cancer, suggesting the PKC-ι may be an oncogene (Murray, 
Jamieson et al. 2004; Eder, Sui et al. 2005; Regala, Weems et al. 2005; 
Regala, Weems et al. 2005).. Not unexpectedly, tumors with elevated levels 
of aPKC had lost epithelial polarity, which is consistent with the 
overexpression phenotype of a constitutively active form of aPKC in 
Drosophila epithelia (Eder, Sui et al. 2005; Lee, Robinson et al. 2006). 
Using ChIP and Luciferase assays, I also showed that Zif is able to 
negatively regulate aPKC expression through direct transcriptional 
repression. To the best of our knowledge, this is the first time that a 
transcription factor is reported to inhibit self-renewing capacity of neuroblasts 
in the Drosophila larval brain by direct transcriptional regulation of aPKC 





levels. It has been shown previously that neuroblasts express a temporal 
series of transcription factors during embryonic and larval stages (Isshiki, 
Pearson et al. 2001; Maurange, Cheng et al. 2008). During pupal stages 
neuroblasts shrink and eventually undergo symmetric division leading to 
terminal differentiation. However, when certain larval transcription factors of 
the neuroblast clock are missing (e.g. seven up), this does not happen, and 
neuroblasts continue to proliferate into adulthood.  It could be that defects in 
asymmetric cell division perturb the neuroblast clock, causing stem cells to 
become tumorous. It will be interesting to find out if Zif or its targets, possibly 
genes that are involved in both asymmetric cell division and stem cell self-
renewal, are regulated in a temporal manner. 
Given the importance of aPKC as a central component of the polarity 
machinery and its vital role as a positive regulator of neuroblast self-renewal, 
it is with pleasant surprise that I further discovered that aPKC is able to 
phosphorylate Zif directly. More intriguingly, this phosphorylation of Zif by 
aPKC is able to inhibit nuclear localization of Zif. As a transcriptional 
repressor, exclusion from the nucleus would effectively inactivate Zif, making 
it non-functional in the modulation of aPKC expression, and hence its role in 
the regulation of neuroblast self-renewal. Hence, the proposed reciprocal 
interaction between aPKC and Zif in the regulation of neuroblast asymmetric 
division and neuroblast self-renewal adds a new mechanism to the complex 
framework of regulatory pathways that orchestrates robust aPKC polarity for 
its normal function. 
 It will be interesting to investigate whether this reciprocal interaction 
between aPKC and Zif is conserved in other systems (e.g. epithelial cells, 
ovarian follicle cells and photoreceptor cells) where aPKC also plays a pivotal 
role in establishing polarity. Taking a more global view, a genome wide 
microarray analysis combined with a biochemical search for common binding 





partners of Zif and aPKC may shed light on the regulatory mechanisms that 
modulate this reciprocal interaction.   
Chapter 4 elaborates on a novel role of the serine/threonine-
phosphatase PP2A in the control of neuroblast self-renewal. Though 
mammalian PP2A has been shown to participate in malignant transformation 
by regulating multiple pathways (Li, Scuderi et al. 2002; Westermarck and 
Hahn 2008) as a tumor suppressor, this is the first time that PP2A is 
demonstrated to be involved in the link between asymmetric cell division and 
the regulation of neural stem cell homeostasis.  
To limit neuroblast self-renewal, PP2A is not just involved in the 
regulation of asymmetric protein localization but also plays a role in mitotic 
spindle orientation – both are key aspects of proper asymmetric cell division 
(outlined in Chapter 1 Introduction). We also discovered that when PP2A 
function is compromised, aPKC protein levels increase and Numb 
hyperphosphorylation is dramatically reduced. These PP2A-dependent 
defects in asymmetric division of mitotic neuroblast resemble that of polo 
loss-of-function mutants. Polo is a kinase that phosphorylates and thereby 
activates the cell fate determinant Numb.  
 Prompted to investigate the possible link between Polo and PP2A, we 
first discover that in polo loss-of-function mutant, hyperphosphorylation of 
Numb is also dramatically reduced. Consistent with our prediction, we 
subsequently discovered that indeed, in the absence of PP2A, both Polo 
protein and transcript levels are dramatically reduced. These results suggest 
that PP2A regulates Numb activity by promoting Polo expression.  Based on 
these and previous findings, we proposed a novel pathway in which PP2A 
acts upstream of Polo and Numb to block excessive neuroblast self-renewal. 
It will be interesting to identify potential substrates of PP2A (possibly novel 
transcription factors) that are able to promote polo expression and control 





neural stem cell self-renewal. Given the structural diversity of PP2A, and its 
involvement in a myriad of cellular and developmental processes, it is of 
utmost interest to find out whether this function of PP2A in neural stem cell 
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